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ABSTRACT
The objective of this thesis is to demonstrate that the Ignition Quality Tester (IQT)
can be used to validate the kinetic mechanisms of both high and low volatility fuels. Such
validated mechanisms are an essential component for engine models used to improve effi-
ciency and determine the impact of alternative fuels. There are other approaches to measure
the ignition kinetics of high volatility fuels, but only very limited data are available for low
volatility fuels. The IQT was modified by increasing the range of temperatures it could access
and by implementing a purge program so that the accuracy and repeatability of experiments
at low pressures could be increased. Experiments were performed to characterize the effect
of varying parameters (temperature, pressure, oxygen concentration, equivalence ratio, mass
of fuel injected, choice of diluent, fuel physical properties, and fuel structure) on the ignition
delay, and whether these effects were due to the chemical kinetics or spray physics. CFD
modeling, run without chemistry, was used to show that at long times (>20ms) the IQT
becomes pseudo-homogeneous in both temperature and equivalence ratio. This suggested
that a 0-D homogeneous batch reactor model could be used to predict the ignition delay
at the longer times. Experiments were performed for five heptane isomers where accurate
mechanisms are available, and the 0-D model ignition time predictions were consistent with
the measurements. Similar favorable comparisons were found for iso-octane, another well
studied high volatility fuel. Attention then shifted to validate chemical mechanisms for low
volatility fuels. Model predictions for n-hexadecane were a factor of ∼2.5 longer then the ob-
served ignition delays at long times (> 20 ms). This difference could be due to the older rate
rules used in the mechanism. Experiments were done with 2,2,4,4,6,8,8-heptamethylnonane
(HMN) since the inherently lower reactivity of this fuel allows NTC behavior to be observed
without needing to go to the lower pressures (thus allowing experiments more relevant to
diesel combustion). The 0-D model significantly underpredicted the ignition delay. This
iii
provided an opportunity to develop an improved HMN mechanism. It was discovered that
the highly branched structure of HMN meant that additional terms needed to be considered
when computing the thermodynamic properties. This updated thermo, in combination with
updated estimates for various reaction types, greatly improved the HMN mechanism.
iv
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Petroleum derived fuels are in high demand in today’s society. The United States alone
consumes ∼19 million barrels of crude oil per day[1]. The transportation sector is the largest
consumer of these liquid fuels[2]. As a consequence of burning these fossil fuels, atmospheric
carbon dioxide concentrations have increased from ∼320 ppm in 1965 to ∼395 ppm today[3].
In order to begin to alleviate these problems, a larger fraction of transportation fuels will
need to be derived from renewable sources, and more efficient advanced combustion engines
will need to be developed.
The ability to control the ignition timing in advanced autoignition engines is dependent on
the fuel’s autoignition kinetics which means that the development and validation of chemical
kinetic mechanisms will be very important in their design[4]. As new chemical mechanisms
are developed to model emerging renewable fuels, experimental data must be gathered to
validate them. These validations are usually performed with rapid compression machines
(RCM), shock tubes, and jet stirred reactors, which are generally limited to homogeneous
mixtures and relatively high volatility fuels. There are already significant data characterizing
the combustion kinetics of high volatility fuels[5], but there is relatively little for low volatility
fuels. Some recent studies have shown advancements with fuel-air mixture preparations to
allow characterization of low volatility fuels in shock tubes[6, 7] and RCMs[8]. However,
there is still a need for a dedicated device to rapidly characterize low volatility fuels. The
Ignition Quality Tester (IQT), when suitably modified, can serve as this device for validation
of low volatility fuels.
The IQT has the potential to provide an alternative approach for characterizing the
chemical kinetics of liquid fuels. Fuel prevaporization is not required for the IQT because
liquid fuel is injected directly into the combustion chamber. CFD calculations run without
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chemistry effects (discussed later) showed that the temperature and equivalence ratio in a
significant volume within the IQT became quite constant after ∼ 20 ms. As a result, it
becomes feasible to employ a 0-D kinetic model at times greater then 20 ms as a means
to validate detailed chemical mechanisms. If non-premixed conditions are desired, then
experiments can be run at short ignition times. Only small amounts of fuel are required,
which makes it attractive for studying emerging fuels where large scale production is currently
difficult.
The objective of this thesis is to demonstrate that the IQT can be used to characterize
the chemistry of low volatility single component fuels. To address this issue, a detailed un-
derstanding of the importance of the spray physics relative to the chemical kinetics across
a range of conditions (temperature, pressure, and equivalence ratio) is required. The IQT
was modified to expand the experimental space and improve repeatability. A study of high
volatility fuels was performed in order to show that the IQT correctly reproduces available
data and mechanisms. This was followed by a series of experiments with low volatility fu-
els to characterize their combustion kinetics. These results were modeled using previously
published mechanisms to see if they can predict the experimental results. Significant dis-
crepancies were observed for the highly branched 2,2,4,4,6,8,8-heptamethylnonane (HMN),




There have been many previous studies on gas phase kinetics of fuels from both a modeling
and experimental perspective. This chapter will discuss these studies in more detail.
2.1 Chemical Kinetic Mechanisms
Detailed chemical kinetics mechanisms, containing hundreds of species and thousands of
reactions, are used to model ignition of fuels. These mechanisms are generally validated by
comparing predictions to experimental data across a broad range of conditions. For example,
a mechanism for n-heptane ignition[9] was validated with shock tube, RCM, and jet stirred
reaction data across a temperature range of ∼600-1400 K and a pressure range of 3-50 atm at
stoichiometric conditions. Thus, this validated mechanisms can be applied to other problems
with reasonable confidence in their accuracy.
Lawrence Livermore National Laboratory (LLNL) has developed and validated detailed
chemical kinetic mechanisms for many different fuels. For this thesis mechanisms were used
for n-heptane[9, 10, 11] (561-654 species), heptane isomers[12] (822-902 species), methyl
decanoate[13] (2878 species), large alkanes (C8 − C16)[14] (2115 species), iso-octane[15, 16]
(874 species), and 2,2,4,4,6,8,8-heptamethylnonane (HMN)[7] (1114 species). The reaction
portion of these mechanisms were developed by applying 25 different reaction classes sys-
tematically. Each reaction class is applied to a species, if possible, in order to develop a
complete list of reactions for a fuel. After many reactions had been added, certain reactions
were deemed unimportant, and were removed from the mechanism. Arrhenius parameters for
these reactions were developed by assuming that reactions in a given class are all analogous to
each other. These rate rules allowed extrapolation of observed kinetic data to species where
data were not present. Thermodynamic properties were calculated using various methods.
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One common method for calculation of thermodynamic properties is the group additivity
method using the THERM program[17].
Some applications using chemical mechanisms, like computational fluid dynamic (CFD)
simulations, require extreme computational time to solve a coupled fluid dynamic and chem-
ical kinetic system. For these applications, the detailed chemical kinetic mechanism needs
to be reduced to a skeletal mechanism to allow computation time to become reasonable. A
skeletal mechanism contain the bare minimum core reactions to try to accurately predict
ignition over a parameter space. An example of a skeletal mechanism is the 42 species n-
heptane mechanism[18], which was reduced from several hundred species. It has been used
to predict ignition inside of engine CFD simulations.
Due to the difficulty of obtaining experimental data for low volatility fuels, the larger
alkane mechanisms could only be validated using limited experimental data sets. For exam-
ple, the n-alkane mechanism (n-C7-n-C16) was primarily validated using n-decane data. A
limited amount of hexadecane data was also used. Figure 2.1 shows predicted ignition delay
times for the C7−C16 n-alkanes under stoichiometric conditions at 13.5 bar. It is interesting
to note that all of the fuels predict similar ignition delays. This is in marked contrast to
the large range of alkane cetane values (i.e., the measure of ignition delay in an engine).
The cetane number of hexadecane is 100 and drops to 56 for n-heptane[19] indicating that
n-hexadecane ignites significantly faster than n-heptane in a diesel engine. This difference
to the model predictions demonstrates a need for experimental data for low volatility fuels
under conditions closely approximating the diesel environment, precisely the conditions of
for an IQT experiment. In addition to n-alkanes, it is important to collect data for low
volatility branched alkanes, since these are major components of alternative fuels such as
those produced via Fischer-Tropsch synthesis. In this context, data on the highly branched
HMN would be very valuable.
The mechanism for HMN was validated using shock tube data at higher temperatures
(> 1000 K). The lack of low temperature HMN experimental data leaves an opening for
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Figure 2.1: Computed ignition delay times for n-alkanes showing NTC behavior at stoichio-
metric conditions and 13.5 bar[14]
future IQT experiments. It is especially important to properly characterize the very unusual
kinetic behavior observed in Figure 2.1. Starting at lower temperatures, note the ignition
delay first decreases as the temperature increases; this is the usual expectation since most
reaction rates increase with temperature. However, further increases in temperature lead
to decreasing reactivity (increasing ignition delay). This unusual behavior in called the
Negative Temperature Coefficient (NTC) region. The reasons for this are discussed in the
next section. An important point to keep in mind is that the typical temperature where
ignition occurs in a diesel engine is in this NTC region, further illustrating the necessity of
developing sufficiently detailed mechanisms so as to accurately predict this unusual kinetics.
2.2 Low Temperature Oxidation and Negative Temperature Coefficient (NTC)
Behavior
Low temperature oxidation is dominated by the reactivity of alkyl peroxy radicals (RO2).
A scheme showing the important reaction pathways is shown in Figure 2.2[20]. Alkyl radicals
(R·), formed by hydrogen abstraction of the primary fuel, react with molecular oxygen to
5
Figure 2.2: Schematic of important reaction for low temperature oxidation chemistry in the
R + O2 pathway. adapted from ref. [20]
form RO2. The formed RO2 can internally isomerize to form hydroperoxyalkyl radicals
(QOOH), undergo a concerted elimination reaction to form an olefin and hydroperoxy radical
(HO2), or it can re-dissociate back into R· and O2. Further major reaction pathways for the
reaction of QOOH isomers include the formation of a cyclic ether and hydroxyl radical (OH),
decomposition via β-scission to a variety of bimolecular products, or addition of a second
oxygen molecule to form a hydroperoxyalkyl peroxy radical (O2QOOH). The formation of
O2QOOH is the main pathway that leads towards ignition.
Model predictions showing NTC behavior for n-alkanes are shown above in Figure 2.1[14].
Understanding NTC behavior is very important for certain low temperature combustion
applications such as in controlling ignition timing in advanced combustion engines[4]. NTC
behavior is caused by shifts in the equilibria of the RO2 chemistry[10, 21, 22]. As temperature
increases the equilibrium of the reaction R+O2 
 RO2 is shifted back towards the reactants.
This equilibrium shift effectively shuts off the entire low temperature ignition pathway. Thus
the ignition delay increases as temperature increases until the temperature reaches the point
where high temperature pathways for ignition become important.
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2.3 Low Volatility Experimental Data for Homogeneous Systems
Experiments on low volatility fuels in shock tubes and RCMs are difficult since it is
necessary to assure that the evaporation process is sufficiently rapid so as to produce a
uniform homogeneous gas phase mixture before the experiment begins. Some of the ways
that this problem has been overcome include an aerosol spray system or by heating the
device.
2.3.1 Shock Tubes
Davidson et al. have developed an aerosol shock tube to study low volatility fuels[6]. This
device uses ultrasonic nebulizers to entrain fuel droplets into a carrier gas which is then flowed
into the chamber. As the shock wave travels down the chamber the fuel droplets evaporate
and mix with gas in the chamber. They initially used this device to characterize the ignition
of n-dodecane and JP-7. This device was used for further studies on #2 diesel fuel[23],
n-hexadecane[24, 25], and methyl decanoate[24]. For n-hexadecane they were able to get
reasonable agreement between experimental results and the LLNL n-hexadecane mechanism
prediction[14], but for methyl decanoate the experimental data were underpredicted by a
factor of 2.5[24] when compared to the LLNL methyl decanoate mechanism[13]. This device
was only able to operate at high temperatures (generally >1000 K) and low pressures (<10
atm).
Another method to allow for the characterization of lower volatility fuels in a shock tube
is by heating the shock tube. Oehlschlaeger et al. developed a heated shock tube that can
reach temperatures up to ∼180ºC before the experiment[26]. This is still well below the
boiling temperature of some low volatility fuels. In order to perform experiments the fuel
is heated to a temperature such that the vapor pressure of the fuel is sufficient to conduct
the experiment. Using this system experiments were performed on the low volatility fuel
2,2,4,4,6,8,8-heptamethylnonane (HMN)[7]. When compared to the mechanism predictions,
the experimental data are reproduced reasonably well. Experiments were performed across a
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pressure range of 10-40 atm. However, the temperature was still limited to generally >1000
K, well above the temperatures where NTC kinetics are important.
2.3.2 Rapid Compression Machines
Allen et al. have developed an aerosol RCM to study low volatility fuels[8]. An ultrasonic
nozzle was used to entrain droplets in the gas before flowing into the combustion chamber.
This RCM was used to provide experimental data on the fuel JP-8. This system was also
used to obtain experimental data on ignition of hydrotreated renewable jet fuels made from
camelina and tallow[27]. This device gathered data from ∼600-800 K and from pressure
from 5-20 bar.
While these examples show that experiments can be done in homogeneous systems for
low volatility fuels, some issues may still remain. For the systems listed there is a gap in the
temperature of data gathered between 800-1000 K. NTC behavior may occur in this tem-
perature range and therefore could not be measured by these devices. Also, aerosol systems
depend upon an even distribution of droplets so that when the experiment starts (shock
wave or compression stroke begins) these droplets evaporate to form a homogeneous gas
phase mixture without much diffusion required. If there are problems with the distribution,
either from uneven injection or from droplets settling on surfaces, the experimental results
may be affected. The development of another experimental device that could be comple-
mentary to these devices would be very useful for characterizing the chemical kinetics of low
volatility fuels.
2.4 The Ignition Quality Tester (IQT)
the Ignition Quality Tester (IQT) is a constant volume chamber to which liquid fuel
is injected. A schematic of the IQT’s combustion chamber is shown in Figure 2.3. The
chamber can be heated up to ∼600˚C and pressurized to at least 30 bar. These conditions
allow measurement of ignition delays under conditions similar to those in a diesel engine
at top dead center. The pressure trace and needle lift trace from an injection are then
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Figure 2.3: Schematic of the Ignition Quality Tester (IQT) combustion chamber.
used to calculate the ignition delay of the fuel. Because fuel is injected into the combustion
chamber, as opposed to using a premixed gas phase mixture, lower volatility fuels can be
studied. The standard IQT procedure consists of 15 pre-injections, to allow the device
to reach and equilibrium temperature and injection pressure, followed by 32 experimental
injections. Many different parameters can be varied while performing experiments using the
IQT, such as temperature pressure, oxygen concentration, composition of inert gas, mass of
fuel injected, and injection pressure.
Using the ASTM standard D6890[28] a derived cetane number (DCN) can be calculated
with repeatable results between a cetane range of 34 to 61. The cetane number of a fuel is
a measure of how easily it autoignites, and is usually determined in a cetane engine. The
cetane numbers of 100 and 15 are defined by the ignition characteristics of n-hexadecane
and of 2,2,4,4,6,8,8-heptamethylnonane (HMN), respectively. Typically the cetane number
for diesel fuels ranges between 40-55. There are a number of papers published by Advanced
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Engine Technology Ltd., the company that finished development on the IQT, that show data
from the IQT during its development[29, 30, 31, 32]. These studies tested many different
parameters of the IQT to see how it measured the ignition delay and then used the ignition
delay to correlate their data to a DCN. The authors conclude that the IQT has two times
better reproducibility than the ASTM D613, the engine-based method, for obtaining a cetane
number, over a cetane range of 40-55. In order to obtain a cetane number in a cetane engine,
gallons of fuel are typically required. In contrast, the IQT can be used to find a derived
cetane number of a fuel using about 100mL of fuel. For emerging renewable fuels where the
quantity of fuel is limited, using a cetane engine is not feasible, and the IQT provides an
attractive alternative method to measure a cetane number.
2.5 IQT Experimental Literature
Many recent studies have used the IQT to characterize the DCN of many fuel blends
including JP-900 with Sasol diesel, biodiesel, and decalin[33]. Another study blended alcohols
with n-heptane and a middle distillate fuel[34]. A study by Zheng et al.[35] looked at the
ignition properties of ultra low sulfur diesel (ULSD), S-8, JP-8, and Sasol IPK across a
range of temperatures and pressures. They were able to process the ignition pressure traces
in order to extract rate of heat release as well as ignition data over a temperature range
of 730-830 K. Closer to the objective of this thesis, autoignition studies have also been
done on single component fuels. Cyclopentane autoignition has been characterized across a
temperature and equivalence ratio range[36]. A more detailed look at the spray system of
the IQT was also investigated by Davlault et al[37]. They measured the droplet velocity,
droplet size distribution, and spray cone angle. These data are very useful for to help model
the IQT. However, other than the NREL efforts described in the next section, there have
not been efforts to develop the IQT into a device that can be used to study the chemical
kinetics of low volatility fuels across a broad range of conditions.
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2.6 Previous IQT Research at the National Renewable Energy Laboratory
(NREL)
Early work using the IQT at the National Renewable Energy Laboratory (NREL) charac-
terized the ignition delays of various oxygenated fuels[38]. They showed that the oxygenated
fuels have a much weaker temperature dependence than alkane fuels. They suggested that
weaker C-H bond strengths from carbon atoms adjacent to oxygenated carbons were the
reason for this weakened temperature dependence. One application that was suggested was
to use these oxygenates to produce an “effective cetane boost” during engine cold-start
conditions to improve performance and reduce emissions.
More recently, researchers at NREL have modified the IQT into an instrument that can
be used to validate the kinetic mechanisms for fuel ignition. Ignition time in the unmodified
IQT device is heavily dependent on both the spray physics and chemical kinetics. This
requires using a CFD model with chemistry in order to accurately model the ignition at
DCN conditions. Modifications were made in order to attempt to operate the IQT in a
regime where chemical kinetics dominates. A new fuel line and fuel injector were used in
order to reduce secondary injections. A system was added to the IQT to allow the trapping
and analysis of exhaust gas. Bogin et al. performed a CFD analysis of the IQT using KIVA-
3V[39]. By using CFD combined with reduced chemical kinetic mechanisms for n-heptane
(nH) the authors were able to model the experimental results of the IQT reasonably well.
A reduced chemical kinetic mechanism was used because it would take a very long time,
even on a supercomputer, to attempt to run a full detailed mechanism with a CFD analysis.
The actual choice of the reduced mechanism had a large effect on the predicted ignition
delay. Several reduced mechanism were tried, and Figure 2.4 compares the predictions to
the IQT data. The authors suggested that the injection event could be modeled as three
individual steps: spray breakup, droplet evaporation, and kinetics. Modeling of the spray
breakup and vaporization indicated that the time for breakup to occur is around 0.2 ms
and that evaporation takes ∼0.5 to 1 ms. A kinetics simulation in a zero dimensional (0-D)
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Figure 2.4: Varying chemical mechanisms affects the predicted ignition delay[39]
homogeneous batch reactor model predicted an ignition delay between 1 to 1.8 ms, depending










(The model predicted that the combustion event occurred at an equivalence ratio close to
2.) This combination of events resulted in an estimate of 1.7 to 3 ms ignition delay, based on
the 0-D kinetic model. The CFD model using a 42 species reduced mechanism[18] predicted
an ignition delay of 4.2 ms, compared to the measured ignition delay of 3.78 ms. The 42
species mechanism was reduced specifically for diesel engine conditions, so the good fit is not
surprising. However, the rate constants in the mechanism were modified to fit engine data,
so it does not properly represent the actual kinetics at the molecular level.
In another work by Bogin et al.[40] the effects of physics and chemistry were studied
to attempt to find which was rate-limiting. Three different compounds, n-heptane, 2-
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methylhexane, and 2,4-dimethylpentane, were tested in the IQT. The physical properties of
the three compounds are shown in Table 2.1. 2-Methylhexane and 2,4-dimethylpentane both
Table 2.1: Physical properties of n-heptane, 2-methylhexane, and 2,4-dimethylpentane[40]
Fuel Properties n-heptane 2-methylhexane 2,4-dimethylpentane
Viscosity (10−3Pa  s) 298.15 K[41] 0.387 0.357 0.368a
Boiling Point (̊C) 98 88-90 81-82
Density (kg/m3) 0.684 0.678 0.673
Heat of Vaporization (kJ/mol) 298K 36.6 34.9 32.9
Cetane number [42] 56 38 18
aAverage of measured viscosities for 2,2-diemthylpentane and 2,3-dimethylpentane
have lower boiling points and heats of vaporization compared to n-heptane, thereby making
them easier to volatilize. The authors suggest that if the spray physics were dominant in the
ignition event, the 2-methylhexane and 2,4-dimethylpentane would have shorter ignition de-
lays than n-heptane since they would more quickly form a combustible mixture. Conversely,
if the chemistry is dominant then the branched structures of the molecules would cause them
to have a longer ignition delay than n-heptane; it has been previously shown that branched
species are generally less reactive than their linear counterparts[19, 43, 44, 45, 46, 47]. The
observed ignition delays in the IQT were 3.77 ms, 4.77 ms, and 7.79 ms for n-heptane, 2-
methylhexane, and 2,4-dimethylpentane, respectively. The longer delays from the branched
fuels indicate that chemistry is rate limiting in the IQT, not spray injection physics.
A later paper by Bogin et al.[48] explored CFD modeling of n-heptane in more detail. The
authors showed that their CFD model accurately reproduced the experimentally observed
spray tip velocities and penetration depths. The CFD model was also run across a broader
range of temperatures and pressures, shown in Figure 2.5. The model is able to accurately
predict ignition delay across this temperature range at both 15 and 21 bar. The 42 species
mechanism is sufficient in order to predict ignition delay across these temperatures and
pressure ranges.
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Figure 2.5: Comparison of prediction ignition delay using KIVA-3V (42-species mechanism)
and IQT experimental data across a wide range of temperatures for two pressures: n-heptane,
Pair = 21 bar, 15 bar, Φ = 0.5. Experimental error bars decrease significantly below 1000/T
= 1.35.[48]
NREL researchers use an eight point experimental matrix to test the effect of pressure
and temperature as well as exhaust gas recirculation on ignition delay. Exhaust gas recir-
culation (EGR) is a method to reduce the combustion temperature by diluting the fuel/air
mixture with exhaust gas. The lower temperature results in less NOx being formed during
combustion. The eight point matrix consists of two temperatures, two pressures, and two
oxygen concentrations. It is shown in Figure 2.6. The nine Fuels for Advanced Combustion
Engines (FACE) diesel fuels were run at the eight point matrix conditions[49]. The ignition
delays were then fit to an Arrhenius style equation which allowed prediction of ignition delay
of the FACE diesel fuels. A complication in these experiments is that injecting the same
mass of fuel for each point in the matrix results in the changes in the global equivalence ratio.
Another issue is that since there is a temperature gradient inside the combustion chamber,
it is not obvious what temperature to use to obtain the equivalence ratio from the ideal gas
law. (One needs to be able to compute the number of moles of O2 in the chamber to obtain
the equivalence ratio.)
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The IQT that was used for this research was the modified IQT at NREL (cf. Section 2.6).
Further modification of the IQT and characterization of the effect of varying parameters was
necessary in order to turn it into a device that could be used to study the chemical kinetics
of fuels.
3.1 Testing Procedure
The operational control parameters of the IQT allow data to be collected over a wide
range of combustion conditions. The temperature, pressure, oxidizer mole fraction, mass of
fuel injected, and number of injections can all be independently controlled. The amount of
mass of fuel injected is controlled by varying the thickness of the shim in the injection pump.
A single injection consists of (1) pressurizing the chamber, (2) allowing the temperature of the
gas to reach the chamber wall temperature, (3) inject fuel into the combustion chamber, (4)
measure pressure increase from ignition by a pressure transducer, and (5) measure exhaust
chamber combustion products.
Constant mass temperature sweeps can be run by deactivating heaters at a high tem-
perature and setting the automatic control program for a large number of injections as
temperature decreases with time. The response time of the thermocouples is fast enough
that they will read accurate temperatures during the slow decrease in temperature over time.
While using a constant mass of fuel at different temperatures will result in a varying equiv-
alence ratio, this approach is useful because it allows characterization of the fuel ignition
across a broad range of temperatures in a short time and with less fuel. It is especially
useful for fuels that are difficult to produce in large quantities because only small quantities
of the fuel are needed (∼20 ml) to obtain engine relevant data; engines require much larger
quantities of fuel to obtain these data
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3.2 Quantifying experimental parameters
As discussed above, in earlier IQT experiments the actual equivalence ratio was not well
known due to the temperature gradient within the system and because of the transport
phenomena problem relating to filling a hot chamber with cold gas. In order to control the
equivalence ratio two parameters must be known: the moles of oxygen in the combustion
chamber and the moles of fuel being injected into the chamber. Although the moles of fuel
injected are well controlled, the temperature gradient and transport phenomena from filling
the chamber introduces uncertainties when applying the ideal gas law to compute the moles
of oxygen. It is important to control the equivalence ratio inside of the chamber because it
can affect the ignition delay.
3.2.1 Measuring the Moles of Air in the Combustion Chamber
While the number of moles of air in the combustion chamber can be estimated using the
ideal gas law, it is important to more accurately measure the number of moles of oxygen in
the chamber. A 2.85 L gas cylinder was evacuated to 10 mtorr and then attached to the
IQT. The IQT was heated and pressurized to the desired temperature and pressure (typical
operating conditions), and then the valve to the canister was opened allowing the pressure to
equalize. Afterward the valve on the canister was closed and it was removed from the IQT.
The canister was allowed to cool to room temperature and then the pressure was measured.
Using the ideal gas law the number of moles of air in the canister were calculated. To calculate
the remaining moles of air in the IQT combustion chamber an average temperature of the
combustion chamber was estimated. The number of moles inside of the canister is well known
since it will be homogeneous. In the combustion chamber, the number of moles of air is much
harder to characterize, but because the canister is much larger than the combustion chamber
(2.85 L vs. 0.21 L respectively), the variation in the number of moles will be small. The
temperature of the combustion chamber must be between the hottest part of the chamber
(∼590ºC) and room temperature. When these two extremes were calculated, there was a very
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small difference (less then 5%) in the total moles of air between them because the canister is
much larger than the combustion chamber. To create a more accurate estimate (even though
the current uncertainty is small) an iterative method was developed to find an average gas
temperature. By using an estimated temperature and iterating between calculating the total
moles after the valve was opened and, since moles are conserved, using the ideal gas law to
estimate the temperature of the chamber before the valve to the canister was opened, the
actual number of moles of air initially in the IQT was determined. The number of moles
of air in the combustion chamber is primarily determined by the pressure and the chamber
temperature. Canister experiments were performed across a range of temperatures and at
pressures of 5, 10, 15, 21, and 30 bar. The resulting correlations are shown in Table 3.1. Ttest
is the desired temperature to run an experiment at that corresponds to the test temperature
thermocouple in the IQT. For experiments run at 2 bar the 5 bar correlation was used and
multiplied by a factor of 2
5
.
Table 3.1: Correlation for calculating the moles of oxygen in the IQT at 21% oxygen con-
centration at 5, 10, 15, 21, and 30 bar.
Pressure (bar) Moles of Oxygen (mol) Correlation (21% O2)






























aTtest should be in units of kelvin.
3.2.2 Measuring Mass of Fuel injected
The equivalence ratio in the IQT combustion chamber is controlled by changing the
mass of the fuel that is injected into the chamber. Fuel was collected in a small tube which
was weighed before and after to find the mass of fuel injected. These measurements were
collected over 10 injections to minimize effects from shot to shot variation. This amount can
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be modified by changing the thickness of the shim in the injection pump; this changes the
initial position of the injection plunger. The plunger displaces a fixed volume, but a portion
of this volume is upstream of the fuel reservoir. The opening pressure on the injector is set
to 2600 psi, while the fuel reservoir is kept at 50 psi. Thus, when the plunger is upstream
of the fuel reservoir it pushes the fuel back into the reservoir. When the plunger passes
the fuel reservoir the fuel can no longer be pushed back into the fuel reservoir and must be
pushed out of the injector. So by varying the upstream distance, the amount of fuel that is
delivered to the IQT (vs. that returned to the reservoir) can be varied. Linear and quadratic
regressions were used to determine the effect of shim thickness on the average mass injected.
Mass calibrations were performed for n-heptane, n-decane, n-dodecane, n-hexadecane,
and methyl decanoate, but for brevity only the n-hexadecane correlation is shown in Fig-
ure 3.1. Data were collected as an average of 10 injections. For most of the mass range the
constant volume nature of the injection system can be seen by its linear relation to shim.
Edge effects from this plunger starting or ending very close to the fuel reservoir inlet can be
seen at shim thicknesses below 0.025” and above 0.150”. In order to fit the data at very low
masses of fuel being injected a quadratic best fit was used at shims above 0.150”. For this
fit the data points above a shin thickness of 0.195” were neglected since almost no fuel was
injected. At shims below 0.025” a quadratic fit was not applied since going to these higher
masses of fuel injected was not necessary. Running the IQT at shims greater than 0.195”
should not be done since there is a very rapid fall off to almost zero mass injected resulting
in very large shot to shot variation in mass of fuel injected. From doing single shot injection
experiments it was found that the shot-to-shot variability is ±2 mg/inj. the correlation of
mass of fuel injected to shim is shown in Table 3.2 for all five fuels.
3.3 Further Modification to the IQT
Previous modifications to the IQT were discussed above from work of Bogin et al[39, 48,
40]. The additional modifications were made to the IQT in order to increase the range of










































Figure 3.1: Mass calibration of n-hexadecane showing piecewise fit of experimental data.
described below.
3.3.1 Increasing the Range of Temperatures Accessed
In order to be able to observe the full range of the NTC region in the IQT, the chamber
temperature range needed to be increased beyond the original control system’s temperature
limits. The original control system would shut down the heaters if the temperature in the
chamber exceeded 615ºC. The combustion chamber is made of stainless steel which can be
heated to higher temperatures, but the chamber seal (composite gasket) can crack when
exposed to high temperatures and pressures. Going to higher temperatures may shorten the
lifespan of the gasket, but it will not cause irreversible damage to the IQT.
A national instruments CompactDAQ based data acquisition and control system (DAQ)
was developed earlier to expand the capability of the standard IQT system. This new DAQ
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Table 3.2: Correlations of shim (in) to mass of fuel injected per 10 injections (g) for n-
heptane, n-decane, n-dodecane, n-hexadecane, and methyl decanoate.
Species 0.25” ≤ Shim(in) ≤ 0.150”
n-heptane 10 ·mfuel = −5.8486 · Shim(in) + 1.2421
n-decane 10 ·mfuel = −7.2663 · Shim(in) + 1.4633
n-dodecane 10 ·mfuel = −7.3762 · Shim(in) + 1.5022
n-hexadecane 10 ·mfuel = −7.5599 · Shim(in) + 1.537
methyl decanoate 10 ·mfuel = −8.3307 · Shim(in) + 1.6782
Species 0.150 ≤ Shim(in) ≤ 0.195”
n-heptane 10 ·mfuel = −5.8486 · Shim(in) + 1.2421
n-decane 10 ·mfuel = 36.088 · Shim(in)2 − 17.045 · Shim(in) + 2.1161
n-dodecane 10 ·mfuel = 54.596 · Shim(in)2 − 23.448 · Shim(in) + 2.6711
n-hexadecane 10 ·mfuel = 56.966 · Shim(in)2 − 24.834 · Shim(in) + 2.8507
methyl decanoate 10 ·mfuel = −8.3307 · Shim(in) + 1.6782
was able to control all 4 values in the IQT, and was used to reset the pressure amplifier, which
is needed to measure the pressure at high speed inside of the chamber. All thermocouples
in the IQT were replaced with Omega K-type dual output thermocouples with one output
going to the new DAQ system while the other output went to the standard IQT system.
The standard IQT system control of the heating and cooling system was preserved along
with its safety features. These safety temperature limits were set by the manufacturer at
temperatures slightly above DCN conditions.
To increase the maximum temperature limits the safety limits in the standard IQT system
needed to be bypassed. In order to do this 4 thermocouples inputs were removed from
the data collection for the original control system. Due to the dual output thermocouples
used, data for temperature was still gathered using the new DAQ. Three thermocouples
that read room temperature were plugged into the data collection system (Tfront, Tback, and
chamber watchdog) in order to prevent errors if the thermocouples were left unplugged.
The remaining thermocouple (Tskin) was plugged into a voltage calibrator, which sent a
set voltage to the original control system. This voltage calibrator was used to control the
temperature within the combustion chamber. In order to stay safely below temperatures
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that would cause damage to the combustion chamber the new temperature limit was set at
a back temperature (Tback) of 740ºC. Tback was used because it is the hottest temperature in
the system.
3.3.2 Purging the IQT combustion chamber
In normal operation, the IQT exhausts the chamber to atmospheric pressure in between
injections, then a 20 mL volume of pressurized air flows through the chamber, and then the
exhaust value is closed so the chamber can begin filling for the next injection. The 20 mL
volume consists of a section of pipe between the chamber inlet value and charge pressure
valve. It is pressurized at the experimental charge pressure meaning it will be less effective
at lower pressures. At high pressure, the amount of residual gas left in the chamber from the
previous injection is insignificant. At 21 bar, a rough estimate of this is residual, assuming
the 20 mL purge is negligible, is 1
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of the gas in the combustion chamber (∼5%). However, at
lower pressure, such as 2 bar, a significant portion of the chamber is filled from the previous
injection’s exhaust. Again, a rough estimate of the residual at 2 bar is 1
2
of the gas in the
combustion chamber (50%). In order to improve accuracy of experimental results, and to
allow accurate modeling of the contents of the chamber, a purging program was developed.
This program is set to open both the inlet and outlet valves of the IQT to allow air to flow
through the combustion chamber for a set period of time. Then, the chamber would be
pressurized and exhausted once to further remove exhaust gases.
In order to determine the appropriate length of time for the purge cycle, the IQT was
run at 550ºC, 2 bar, and Φ = 1 at different settings for the purge software. These conditions
are such that the effect of the purge would be most evident. Figure 3.2 shows the measured
ignition delay of n-heptane for different settings on the purge software. There was a large
difference in ignition delay between runs with no purge and those with a purge. The average
ignition delay drops by about 10 ms. The increase in ignition delay when the purge system
is not used is likely due to having a lower oxygen concentration. The effect of changing the












































Figure 3.2: Ignition delay for n-heptane at 550ºC, 2 bar, and Φ = 1 for different amounts
of purging from the chamber. The purge program accepts a time to flow air through the
chamber in between injections.
delays at a single condition was smaller for the runs with purge than the no purge runs.
Changing the time of purge cycle (or doing a manual purge 5 times) did significantly affect
the average ignition delay times, but there was not a significant difference between the
method of purge used. There was not a significant difference in the average ignition delays
between the different methods for purging the chamber. While the remainder of the data in
this thesis does not use the purge program, Future data collected at lower pressures should
use the 500 ms purge program to ensure accurate experimental results.
3.4 Effects of Experimental Parameters on Ignition Delay
In order to use the IQT to study chemical kinetics it must be operated in a regime where
chemical kinetics dominates. However, the conditions under which the IQT is dominated by
chemical kinetic effects must first be characterized. Each of the major parameters that can
be varied will be checked to see if spray physics or chemical kinetics appears to be dominant.
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3.4.1 Effect of Temperature
As discussed in Section 2.6, temperature is the variable with the largest effect on the
ignition delay. The spray physics time will scale with temperature; this is mostly due to
evaporation of fuel droplets. Using the d-squared law[50], equations 3.1 and 3.2, the evapo-
ration time can estimated. By substituting in the gas phase binary diffusivity[51], equation



















From a chemical kinetics point of view the reaction rate constants will scale with temperature
at e
−1
T as stated in the Arrhenius equation, equation 3.4. As the reaction rate constants
increase the ignition delay is expected to decrease. However, the analysis is more complicated
since the observed ignition time, even if dominated by chemistry, will not show normal
Arrhenius temperature dependence (cf. Figure 2.1)




The observed ignition delay of n-heptane at 21 bar is shown in Figure 3.3. The monotonic
decrease in the delay as temperature is increased suggests that the system cannot be domi-
nated by the chemical kinetics over this temperature range; if kinetics dominated, one would
expect to see the NTC region predicted in Figure 2.1. CFD work[39] has shown that the
ignition delay at DCN conditions (21 bar, 1000
T
∼ 1.2) that about half of the ignition delay
is due to spray physics (droplet breakup, evaporation, and mixing). As a result, the spray
physics becomes more important as temperature increases. Thus, it is likely that the ignition
























Figure 3.3: Ignition delay of n-heptane at 21 bar φ= 0.5 21% O2.
observed.
3.4.2 Effect of Changing Mass of Fuel Injected, Oxygen Concentration, and
Equivalence Ratio
In the IQT the equivalence ratio cannot be changed directly. The equivalence ratio
can be changed by adjusting the other operating conditions. While the temperature and
pressure can be used to change the equivalence ratio, these parameters will likely have a
larger effect on the chemical kinetics than changing the mass of fuel injected or the oxygen
concentration. If one wants to compare results across a broad range of temperatures and
pressures the equivalence ratio needs to be constant.
From a spray physics point of view, increasing the mass of fuel injected will increase the
ignition delay because it will take longer for the fuel to evaporate and mix to the limit of
diffusing combustion. However, increasing the mass of fuel injected will also increase the
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(c)
Figure 3.4: Effect on ignition delay of n-heptane while varying the mass injected and as a
result the equivalence ratio at 15 bar 21% O2. Temperature is (a) 350°C, (b) 450°C, and (c)
550°C.
is that increasing the amount of fuel will lead to a larger initial drop in temperature due to
increased evaporative cooling. Therefore an experiment in which the mass of fuel injected
is changed should give an indication of the relative importance of spray physics versus fuel
kinetics.
Experiments were performed at three temperatures where the mass of n-heptane was
varied, thus changing the equivalence ratio. The ignition delays for this case are shown in
Figure 3.4. At both 450 °C and 550 °C the ignition delay times is approximately constant
as the mass of fuel injected is varied. This could be due to both spray physics and chemical
























Figure 3.5: Ignition of n-heptane at 15 bar while varying the mass of fuel injected, oxygen
concentration, and equivalence ratio. Equivalence ratio is changed from normal conditions
(red) by changing the mass of fuel injected (black) or oxygen concentration (blue).
each other out in this case. Since the ignition delay increases very slightly, the spray physics
might be a little more important at these temperatures. At 350 °C the ignition delay time
decreases significantly as the mass of fuel injected increases. As discussed earlier, as equiv-
alence ratio increases the ignition delay time is expected to decrease if chemical kinetics is
dominant. This shows that the chemical kinetic effects associated with the equivalence ratio
dominate at this temperature, where the ignition delay is much longer.
A temperature sweep for n-heptane was performed to determine which variable, mass
of fuel injected or concentration of O2, was more important. This is of interest since both
change the equivalence ratio. Here the change in mass injected should change the spray
physics, while changing the amount of oxygen should change the kinetics. The results are
shown in Figure 3.5. By changing the oxygen concentration from 21% to 15% an equivalence
ratio of 0.5 is increased to 0.7. The mass of fuel injected was varied so that the equivalence
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ratio would be 0.7 as well. The effects are subtle, especially when experimental scatter
is considered. However, decreasing the oxygen concentration over the entire temperature
range always leads to an increase in the ignition delay, suggesting that the kinetic effect
is important over the entire range of temperature. Note the change is actually less at the
lower temperature (longer ignition delay) where it is expected that the kinetics are more
important. This suggests that other factors are also involved. Increasing the amount of fuel
injected leads to a very small increase in the delay at high temperatures while appearing to
decrease the delay at lower temperature. A complication to this interpretation is that the
increased amount of fuel will also lead to a drop in temperature due to increased evaporative
cooling. In this context, it is worth noting that the temperature for the runs with increased
fuel injected was actually ∼2 °C higher. The net result is that either approach to changing
the equivalence ratio will lead to some changes in both the physics and kinetics, but these
changes are quite small.
3.4.3 Effect of Changing Pressure
Changing the pressure of the system will have an effect on both the spray physics and
the chemical kinetics in the system. From a spray physics perspective, increasing pressure
will decrease the time to breakup the droplets. It will also require a higher vapor pressure
before the fuel vaporized. However, n-heptane is volatile enough such that the change in
vapor pressure required will not have a large effect on the ignition delay. As less volatile
fuels are run in the IQT, this may start to affect the ignition delay.
Changing the pressure will also impact the chemical kinetics in the system. An increase in
pressure will cause the reaction rate to increase due to the higher concentrations of reactants.
For reactions that are close to partial equilibrium, changing the pressure will change the
relative concentration of the reactants and products. Also, changing the pressure will affect
the rate constants of reactions that are not at the high pressure limit. Overall, it is expected
that increasing the pressure will decrease the ignition delay times.
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Some types of pressure dependent reactions can be described in terms of the Lindemann
mechanism. In Lindemann kinetics, a reaction A
 B+C is modeled instead as 2 reactions:
A + M 
 A∗ + M , A∗ → B + C, where A∗ is the activated reactant and M is a collider.
As pressure increases, A∗ is more likely to be collisionally stabilized back to A. As a result,
the A∗ produced will more likely stabilize to A as opposed to dissociating into B + C. In
order to solve for the reaction rate a steady state approximation is used which assumes that
dA∗
dt




k−1 [M ] + k2
(3.5)
In this equation koverall is the apparent overall rate constant for the series of reactions, k1
and k−1 are the forward and reverse rate constants of A + M 
 A∗ + M , respectively, and
k2 is the forward rate constant of the reaction A
∗ → B + C. Equation 3.5 has two limiting
cases, [M ]→ 0 and [M ]→∞, that result in the following simplifications:




, [M ]→∞ (3.7)
At low pressures, (Eqn. 3.6) it can be seen that the reaction is entirely dependent on the
collisional activation reaction. For high pressure (Eqn. 3.7) the system is independent of
pressure ([M ]). In between these two extremes there exists a falloff region where the high
pressure constant transitions to the low pressure rate constant.
n-heptane was run at three pressures as shown in Figure 3.6. At higher temperatures
the 30 bar data ignites the fastest, while the 15 bar data ignites the slowest, since both the
physics and the kinetics would tend to decrease the delay at higher pressure. However, at
lower temperatures the error bars for the various cases are overlapping and any pressure


























Figure 3.6: Ignition delay for n-heptane versus inverse temperature at 15 (blue), 21 (black),
and 30 (red) bar. φ = 0.5, 21% O2.
3.4.4 Effect of Changing the Diluent
In RCMs and shock tubes the diluent is used to change the reaction temperature. Typi-
cally, the diluent is composed of nitrogen and an noble gas, usually argon, that have different
heat capacities. As the system is compressed, either physically or by a shock wave, the tem-
perature will increase and the final value will depend upon the heat capacity of the mixture.
In the IQT the temperature is controlled by external heaters and does not depend upon
the mixture composition. However, if one wanted to compare IQT results with RCM and
shock tube results the effect of changing the diluent on ignition delay should be investigated.
The main difference between argon and nitrogen is their heat capacities. Argon and helium
have a heat capacity of 5R
2
while nitrogen’s is 7R
2
. Also, as temperature increases the heat
capacity of nitrogen will increase while that of argon will not. In the IQT the fuel evap-
oration process lowers the temperature inside the chamber. Since argon and helium have
a lower heat capacity than nitrogen the temperature drop will be larger, leading to longer
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ignition delays (provided that the kinetics dominate and one is not in the NTC region). The
experimental results for ignition of n-heptane with argon, helium, and nitrogen diluent, is
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Figure 3.7: Ignition of n-heptane with different diluents at 15 bar, φ = 0.5, 21% O2. Balance
is helium (red), argon (black), and nitrogen (blue).
tures, where spray physics is more important, argon has a longer ignition delay time, (∼20%
longer) than nitrogen, as expected. However, the helium ignition delay times are similar to
those obtained with nitrogen as the diluent. This made it more difficult to compare IQT
ignition delays to those measured in RCM experiments that use argon due to the difference
in heat capacities. At lower temperatures there was not as much of a difference between the
argon and nitrogen diluent results, and the experiments in the different systems can be more
directly compared.
Since use of helium as a diluent produces shorter ignition times, there must be some
other parameter changing that has a larger effect on the ignition delay than the lower heat
capacity of the diluent. One possibility is that the thermal conductivity of helium is an
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Figure 3.8: Pressure traces for ignition of n-heptane with varying diluent at 590ºC, 15
bar, and 21% O2. the diluents used were nitrogen (blue), helium (red), and argon (black).
Pressure traces are averaged across 64 injections.
order of magnitude larger than that of nitrogen and argon. If the thermal conductivity is
important, then the pressure trace for helium will dip lower than that for nitrogen during
fuel evaporation, due to the lower heat capacity, but then the higher thermal conductivity
will cause it to rise more quickly as heat is transferred more rapidly from the hot walls of
the chamber. This increase in temperature should lead to increased reactivity, providing
that kinetics are important and away from the NTC region, resulting in a shorter ignition
delay. The pressure traces for n-heptane experiments with different diluents at 590ºC are
shown in Figure 3.8. These are consistent with the hypothesis that differences in thermal
conductivity are important and might be the cause for the observed variation in ignition
delay. Note that the initial decrease in pressure for helium and argon is larger than that
observed with nitrogen, consistent with the heat capacity difference. The helium pressure
trace is the first to increase, consistent with thermal conductivity. However, the increase
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Figure 3.9: Ignition delay times for four isomers of heptane. 15 bar, 21% O2, φ = 1
could also be due to the initial heat release of the combustion process as opposed to heating
from the walls. Thus, the source of the pressure rise is uncertain. Further CFD analysis
would be required to determine the reasons for the different times for the onset of the pressure
rise.
3.4.5 Effect of Fuel Structure
Earlier, Bogin et al.[40] showed that for 3 isomers of heptane (n-heptane, 2-methylhexane,
and 2,4-dimethylpentane) the chemical kinetic effects appeared to dominate at ∼550°C
and 21 bar. in this work, more data were obtained for ignition delays across a broad
range of temperatures at 15 bar for 4 heptane isomers: n-heptane, 2-methylhexane, 2,4-
dimethypentane, and 2,3-dimethylpentane. The results of these experiments are shown in
Figure 3.9. Consistent with the previous study, the ignition data show that the increased
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branching substantially increases the ignition delay time. This behavior is expected if chem-
ical effects are dominant. For the longest ignition delay time isomer, the ignition delay times
begins to exhibit a flat temperature dependence indicating some NTC behavior. Since such
behavior is predicted in models that only consider the chemical kinetics, this observation
provides additional evidence that operation under conditions that lead to longer ignition
times allows one to minimize the complicated impact of droplet breakup and evaporation
and thus use the measured ignition times as a measure of the intrinsic chemical reactivity of
the fuel.
It is difficult to assess the impact of changing physical properties while maintaining
similar intrinsic kinetics since hydrocarbons of similar size and shape, hence similar chemical
properties, generally have similar physical properties as well.
3.4.6 Summary of Effects of Experimental Parameters on Ignition Delay
As shown above, the temperature has the largest effect on chemical kinetics, and operat-
ing under conditions that yield longer ignition delays provide the opportunity to measure the
effect of temperature on the kinetics. This suggests that the IQT, under appropriate condi-
tions, has the potential to provide important experimental insight into the kinetics of fuel
ignition. If one wants to characterize the chemical kinetics of combustion in the IQT, then
the IQT should be operated at conditions where the ignition delay times are long compared
to the fuel droplet breakup and evaporation. This can be accomplished by either changing
the temperature, pressure, or by using a fuel with a longer ignition delay than n-heptane
with similar physical properties. One possible way to do this is to run branched isomers of
heptane because the branching of n-alkanes generally leads to longer ignition delay times.
Changing the diluent from nitrogen to argon or helium can have an impact on the ignition
delay. If IQT data are being compared to RCM data then there could be a significant amount
of error between the two due to diluent choice at higher temperatures.
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3.5 Characterizing Heat Transfer Within the IQT
The temperature of the chamber walls of the IQT will remain approximately constant
during the interval between fuel injection and ignition. After injection, the gas in the chamber
cools (due to evaporation of fuel) and then heats back up (due to ignition of fuel) resulting in
heat transfer between the chamber walls and the gas in the chamber. In order to accurately
model the ignition in the IQT, this heat transfer needs to be considered if the heat transfer
occurs on a time scale comparable to fuel ignition. This complication need not be considered
if the ignition delay is much faster than the heat transfer timescale.
This heat transfer timescale was determined in an experiment in which n-heptane was
injected into pure nitrogen. Since there is no oxygen present, ignition chemistry will not
occur which means any pressure rise should be due to heat transfer rather than from chem-
ical heat release. The temperature was kept fairly low (525 °C) to minimize complications
due to endothermic fuel pyrolysis reactions. The normalized pressure traces are shown in
Figure 3.10. They are similar for the three pressure pressures measured, although the lower
pressure is slightly faster. It takes on the order of 500 ms to see a significant increase in the
chamber pressure due to heat transfer. Any pressure increase that is observed on a faster
timescale in an ignition experiment can be attributed to heat release due to chemistry. The
thermal conductivity of the gas mixture should increase as pressure increases suggesting that
the chamber relaxation time should be shorter at higher pressures, but at higher pressures
there is more air in the chamber that has to be heated back up. The observed slower relax-
ation at the higher pressure could also be due to endothermic pyrolysis reactions that occur
at higher pressures. For modeling purposes, if the ignition delay times are short enough (on























Figure 3.10: Normalized pressure traces (pressure/initial pressure) at 5 (blue), 10 (red), and
15 (black) bar. Temperature is 525 °C.
3.6 Investigating Alternative Ignition Definitions
The ignition definition used by the IQT control software is that ignition occurs when
the pressure rises 20 psi above the initial chamber pressure. For some fuels this definition
is adequate, but for others the ignition may begin long before a sharp pressure increase is
observed. This can be caused by either low temperature heat release, noise in the data, or
a slow ignition event. Another motivation to develop an alternate definition for ignition is
that the goal is to compare the ignition measurements with the predictions of detailed kinetic
models. The current definition is not suitable for this since it involves both a physical effect
(a drop in pressure due to evaporative cooling) and a chemical effect (pressure rise due to
beginning of ignition). We need a definition that is more closely connected to the chemical
event. Four potential definitions of ignition were studied: (1) pressure increase above initial
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by a threshold pressure, (2) the slope of the pressure signal above a threshold, (3) maximum
slope of the pressure signal, and (4) maximum pressure slope of the pressure signal where
the second derivative of pressure is “small”. The definitions were chosen from permutations
of a threshold and maximum of the pressure and its time derivative. Before processing the
pressure trace for the ignition delay time the data were smoothed using a moving average.
The moving average contained up to 20 near by points resulting in up to ±0.4 ms range
being considered in the average at each point.
The definition of pressure increase above the initial value by a threshold (1) was used
to attempt to emulate the IQT system control software. The 20 psi threshold definition
used by the IQT software was deduced by comparing the reported ignition delays to the
pressure traces. This becomes a basis to compare the other three methods so that there
will not be differences in the calculation of certain parameters, such as the start of injection.
Investigating this definition will also allow better understanding of how the IQT system
software calculated ignition delay. MATLAB was used to create an algorithm to calculate
the average ignition delay and coefficient of variance using these definitions for a series of 32
injections of a standard IQT experimental run.
The ignition definition of a pressure slope above a threshold (2) should overcome the
triggering due to noise before the ignition is thought to occurs. The value of 100psi/ms was
used because it seemed to be a representative value based on the data that were collected.
The definition of the maximum pressure slope (3) should theoretically always come in the
middle of the pressure rise. However, the noise in the data will greatly affect this definition
and therefore the data will need to be processed to reduce the noise level.
The definition of the maximum pressure slope where the second derivative is “small”
(4) is used to help correct definition 3. The maximum pressure slope should occur during
the middle of the pressure rise at the inflection point where the second derivative is zero.
However, from a numerical processing standpoint the second derivative will likely not be
exactly equal to zero so a threshold that slowly increases was used in the algorithm. This
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definition attempts to better target the middle of the ignition pressure rise instead of noise
being used to indicate the ignition event. The algorithm is coded in a way that it does not
allow this definition to perform worse than the maximum smoothed pressure slope defini-
tion. The algorithm starts with a small second derivative and it increases it as long as the
coefficient of variance for this definition is larger than the coefficient of variance for the max-
imum smoothed pressure slope definition. Only points with a “small” second derivative are
considered as possible ignition locations by the algorithm. As a result, the “small” second
derivative may increase to the point where all points in the system are considered “small”
and the definition simplifies to be equal to the maximum smoothed pressure slope definition
(3).
All of the definitions used require smoothing of some kind to remove the noise in order to
get repeatable results. Figure 3.11 shows the unsmoothed pressure slope and the smoothed
pressure slope using a moving average of the 20 data points on either side. The combustion
event in the unsmoothed case is very small compared to the rest of the pressure slope trace.
The magnitudes of both the early and post combustion oscillations are larger than the
smoothed pressure slope maximum cause by ignition. While smoothing does not remove all
the oscillations, it does usually make them have a smaller magnitude than the combustion
event. This allows the algorithm to correctly identify the ignition event using pressure slope
definitions.
The ignition definitions were tested using data from 22 different IQT experimental runs
with 4 different fuels at varying temperatures, pressures, and oxygen concentrations. Fig-
ure 3.12 shows n-heptane, where the default definition (1) is thought to be adequate, and
Figure 3.13 shows bisabolane where the default definition is thought to predict ignition
occurring too early because ignition is predicted before there is a sharp pressure increase.
Definition 2 is predicting ignition too early for n-heptane. This could be fixed by in-
creasing the threshold to a higher number, but that could make the definition less likely to
identify ignition across a broader range of conditions. Ignition using definition 3 is calculated
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Figure 3.11: The pressure slope and smoothed pressure slope for an injection in the IQT.
The smoothed pressure slope is smoothed using a moving average including the 20 data
points on either side of it.
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Figure 3.12: Different definitions of ignition are shown for a single injection on n-heptane
at 550°C, 30 bar, and 15% oxygen concentration. (1) smoothed p increase > 20 psi, (2)





Figure 3.13: The different definitions of ignition are shown for a single injection on bisabolane
at 550°C, 30 bar, and 15% oxygen concentration. (1) smoothed p increase > 20 psi, (2)





to occur during one of the post combustion oscillations, indicating that oscillations can make
this definition problematic. Definition 4 seems to be the best of the new definitions for this
case of n-heptane combustion.
In Figure 3.13 the ignition delay using the different definitions are shown for bisabolane.
The two definitions based on the maximum slope are identical in this figure. As discussed
earlier, definition 1 seems to predict combustion before the pressure slope starts to rapidly
increase. Definitions 2, 3 and 4 all seem to be fairly good for this injection.
The coefficient of variance (CoV) was calculated for each definition for each of the 22 runs.
These CoVs were used as a metric to see how repeatable the definition was to identify the
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ignition delay. The average coefficients of variance over the 22 runs are listed in Table 3.3. Of
Table 3.3: Average Coefficients of Variance for Different Ignition Definitions
Definition IQT default-1 Unsmoothed - 1 Smoothed - 1 2 3 4
Average CoV 0.029 0.19 0.030 0.026 0.033 0.023
all of the investigated definitions, two had a lower average coefficient of variance (definitions
2 and 4) than the IQT system software calculated variance. Definitions 1 and 3 had a slightly
higher average coefficient of variance than the IQT software, but they are still quite close to
the IQT value. The unsmoothed results with definition 1 show a very large increase in the
coefficient of variance. This shows the importance of smoothing the data.
A slight change in the smoothing algorithm can make a larger difference in the results
for definition 4. Table 3.4 shows two slightly different smoothing routines for the second
derivative definition: one a moving average considering 20 points on either side and the other
a moving average considering 19 points on either side. In some cases the two smoothing
methods can give significantly different results. By comparing the two runs at the same
conditions the coefficients of variance can vary by an order of magnitude. One example
is shown in the n-heptane old 8pt matrix 15 bar 450°C data; the coefficient of variance
changes from 0.005 to 0.034 when the number of points included changes. Investigating better
methods of smoothing should be done before using these definitions to ensure repeatability.
Adding filters to the pressure traces as demonstrated by Zheng et al.[35] is a good place to
start to try to improve reliability of these definitions. For the remainder of this thesis most
of the data uses definition 1 to calculate the ignition delay. This definition is thought to be
equivalent to the manufacturer’s definition.
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Table 3.4: Coefficients of Variance for Two Slightly Different Smoothing Methods for Ignition
Defined by Definition 4
Experimental 20 points on either side 19 points on either side
Conditions in moving average in moving average
Methyl Decanoate new 8pt matrix 15 bar 450°C
15% O2 0.030 0.030
15% O2 0.030 0.031
21% O2 0.021 0.020
21% O2 0.024 0.022
n-Heptane old 8pt matrix 15 bar 450°C
21% O2 0.030 0.030
21% O2 0.005 0.034
15% O2 0.03 0.032
15% O2 0031 0.031
n-Heptane new 8 pt matrix 30 bar 550°C
15% O2 0.009 0.009
15% O2 0.025 0.009
21% O2 0.002 0.003
21% O2 0.051 0.010
n-Heptane new 8pt matrix 15 bar 450°C
21% O2 0.027 0.027
21% O2 0.026 0.027
15% O2 0.028 0.028
15% O2 0.023 0.022
Methyl Decanoate new 8 pt matrix 30 bar 550°C
21% O2 0.044 0.027
21% O2 0.003 0.003
15% O2 0.002 0.002
15% O2 0.019 0.008
Bisabolane 15 bar 445°C
15% O2 0.029 0.029
2,4-Dimethylpentane 540°C





Detailed chemical models have been used to predict both observed ignition delay times
and product distributions for many fuels that have been measured in a variety of experiments[5].
However, most of the experiments have been limited to high volatility fuels. The IQT can
measure ignition delay for low volatility fuels. However, in order to validate chemical mech-
anisms for such low volatility fuels the IQT must be modeled properly. Because the IQT is
not homogenous, CFD modeling needs to be performed to understand how well-mixed (or
not well-mixed) the IQT combustion chamber is when ignition takes place.
4.1 CFD Modeling with no Chemistry
The KIVA CFD model developed by Bogin et al.[39, 48, 40], was discussed earlier. It
was run without chemistry to understand the importance of spray physics in the IQT. While
many parameters, such as temperature, pressure, and mass of fuel injected, affect the fuel
evaporation and mixing, the CFD calculation was run initially only at DCN conditions. The
CFD model run without chemistry for n-heptane (BP = 99.5°C[52]) can be seen in Figure 4.1
and Figure 4.2 for temperature and equivalence ratio, respectively. At 4.1 ms (the time
at which the CFD model predict ignition occurs when run with chemistry) the chamber is
not well mixed. However, at longer times a portion of the chamber seems fairly uniform
in both temperature and equivalence ratio. This “pseudo-homogeneous” region is where
ignition will occur because the conditions are too lean to ignite outside of this region. This
region persists out to at least 100 ms, and as time progresses the chamber becomes more
homogeneous. This indicates that as the ignition delay times increase the ignition event will
be affected less by the fuel spray breakup and evaporation, and that the chemical kinetic




Figure 4.1: Contour plots of temperature at (a) 4.1 ms (b) 19 ms (c) 40 ms (d) 100 ms when





Figure 4.2: Contour plots of equivalence ratio at (a) 4.1 ms (b) 19 ms (c) 40 ms (d) 100 ms
when the CFD model was run for n-heptane without chemistry. Initial Conditions: 21 bar,
860 K, and 21% O2.
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The CFD model was also run without chemistry for n-hexadecane (BP = 281°C[52]). This
allowed contrasting the effects of changing from a high volatility fuel to a low volatility fuel.
Contour plots of temperature and equivalence ratio are shown in Figure 4.3 and Figure 4.4,
respectively. The results for n-hexadecane look very similar to the results for n-heptane.
This indicates that all practical liquid fuels, regardless of volatility, will be able to reach
a pseudo-homogeneous state at close to the same time because n-hexadecane is one of the
lowest volatility fuels.
For n-heptane a more detailed look at the fuel spray breakup (FSB) and evaporation was
performed at 650 and 1023 K and at 5 and 15 bar shown in Table 4.1[57]. The time for FSB
Table 4.1: Fuel Spray Break-up (FSB) and Evaporation Times Compared to Measured
Ignition Delays for the C7 Isomers at 650 and 1023 K[57]
mass of charge CFD FSB and measured CFD FSB and measured (ms)
injected pressure evaporation ignition delays evaporation ignition delays
fuel (g) (bar) (ms) @ 650 K (ms) @ 650 K (ms) @ 1023 K @ 1023 K
0.0838 15 15.9 ∼40 to 90 5.51 ∼3 to 10
0.0272 5 25.8 ∼80 to 1000 14.1 ∼10 to 30
and evaporation is significantly less than the overall time for ignition at the low temperature.
At the much shorter ignition delays observed at high temperature (e.g., n-heptane < 14 ms,
1023 K, 5 bar) the CFD model predicts that liquid fuel may still be present at the start of
ignition for n-heptane. These CFD results support the hypothesis that ignition delays longer
than ∼20 ms are dominated by kinetics. Consequently, these data should be able to serve
as a validation test for detailed chemical mechanisms. These results support the hypothesis
that at short ignition delays, the ignition process is greatly affected by the fuel spray, but
increasingly less so at longer ignition delays (> 20 ms).
4.2 Development of 0-D CHEMKIN Model
Since a pseudo-homogeneous region forms at longer times (>20-30ms) one may approx-




Figure 4.3: Contour plots of temperature at (a) 4.2 ms (b) 19 ms (c) 40 ms (d) 100 ms when
the CFD model was run for n-hexadecane without chemistry. Initial Conditions: 21 bar, 860




Figure 4.4: Contour plots of equivalence ratio at (a) 4.2 ms (b) 19 ms (c) 40 ms (d) 100 ms
when the CFD model was run for n-hexadecane without chemistry. Initial Conditions: 21
bar, 860 K, and 21% O2.
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performed using the CHEMKIN PRO software package. Due to low temperature heat re-
lease in the model being much larger in magnitude than in IQT experiments, ignition was
defined as the temperature inflection point instead of the experimental definition of 20 psi
above initial pressure. (Low temperature heat release in the experiment could be obscured
due to the drop in temperature due to fuel evaporation, whereas the model assumed the
fuel was initially already vaporized.) As seen from the CFD model (cf. Section 4.1), the
predicted local equivalence ratio is ∼50% higher than the global equivalence ratio in the
pseudo-homogeneous region, and the predicted local temperature is 60 K cooler than the
initial back temperature (Tback). The CFD model used Tback, which is the hottest temper-
ature in the IQT, as the initial temperature for the calculations. Due to the higher local
equivalence ratio, the uncertainty in the local equivalence ratio was bounded by running the
0-D model at both the global and double the global equivalence ratio. Future CFD work
characterizing how the pseudo-homogeneous region changes with temperature, pressure, and
equivalence ratio will allow more accurate specification of initial conditions. The reactor was
assumed to be adiabatic. In order to reflect that the chamber is cooler than the initial tem-
perature as a result of fuel evaporation, the temperature input into the model was adjusted.
An effective temperature Teff was defined; this value was assigned to be that measured us-
ing a thermocouple (Ttest) that reads 20-40K cooler than the hottest point measured in the
chamber (Tback). This measurement was used as the input to the 0-D model unless other-
wise stated. A true effective temperature would be the local temperature of the gas inside
the chamber. However, until CFD modeling with no chemistry can be run across a broad
range of conditions to characterize how the gas temperature changes, the test temperature
will have to be used. In order to illustrate the effect of uncertainty in the temperature on
ignition predictions, error bars were added to model predictions on some plots. These error
bars represent the ignition delays that were predicted by the model at temperatures of ±30
K of that data point. They give a sense of how much the model prediction would change
relative to the experimental data if the temperature of the pseudo-homogeneous region was
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different than expected.
The advantage of using the 0-D model over the CFD model is that detailed chemical
mechanisms with a large number of species can be used. It is not feasible to incorporate
these large mechanisms into the CFD models. Even incorporation of substantially reduced
mechanisms can lead to very long computational times, especially for systems with long
ignition delays. Also, mechanism development should be done with detailed mechanisms
rather than reduced mechanisms. Detailed mechanisms that were used in this work were
discussed in Section 2.1.
4.3 Reduction of Chemical Kinetic Mechanisms
In order to run the KIVA CFD model, a reduced kinetic mechanism must be employed.
In this work, several mechanisms were reduced using the CHEMKIN-MFC software pack-
age. The CHEMKIN-MFC code uses reduction methods such as the Directed Relation
Graph[53, 54, 55] (DRG), Directed Relation Graph with Error Propagation[56] (DRGEP),
and sensitivity analysis alone or using DRG or DRGEP to reduce the number of species and
reactions that are required to describe the kinetics. The 0-D model discussed above was
used for mechanism reduction over a range of conditions to simulate conditions inside of the
IQT.
The mechanisms were reduced incrementally by alternating between the DRG and DRGEP
methods until a sensitivity analysis was required to further reduce the mechanism. During
the reduction the prediction for a specified “target” (i.e., the ignition time) using the provi-
sional reduced mechanisms is compared to that predicted with the original detailed mecha-
nism to see if it is within a specified tolerance of target parameters. For these reductions the
absolute tolerance was 0.1 ms and the relative tolerance was 15% unless otherwise specified.
An absolute tolerance of 0.1 ms was chosen since predicting ignition delay to within 0.1
ms is very difficult. The relative tolerance was chosen by incrementally changing it until a
desirable magnitude of reduction resulted. To cover the parameter range of interest, 22 dif-
ferent calculations spanning a range of temperatures, pressures and equivalence ratios were
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Table 4.2: Conditions used for mechanism reduction
Reduction Condition Temperature (ºC) Pressure (bar) Equivalence Ratio
1 400 15 0.5
2 400 30 0.5
3 400 15 2.0
4 400 30 2.0
5 450 21 0.5
6 450 21 2.0
7 550 15 0.5
8 550 30 0.5
9 550 15 2.0
10 550 30 2.0
11 600 21 0.5
12 600 21 2.0
13 650 15 0.5
14 650 30 0.5
15 650 15 2.0
16 650 30 2.0
17 700 21 0.5
18 700 21 2.0
19 750 15 0.5
20 750 30 0.5
21 750 15 2.0
22 750 30 2.0
performed. These are listed in Table 4.2. The parameters used for reduction were chosen
to mimic the conditions inside the IQT during experiments. The temperatures used span
the operational range of the IQT. The chosen pressure range of 15-30 bar spans some of the
pressure range of experiments. For equivalence ratio, the value of 0.5 represents the global
equivalence ratio while a value of 2 mimics the predicted rich ignition during short ignition
delays.
These mechanisms have not yet been run in the KIVA CFD model. However, they are
now available to be used in future investigations.
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4.3.1 n-heptane
Two mechanism were reduced for n-heptane from two different detailed mechanisms.
One was reduced from the V2 Lawrence Livermore National Laboratory (LLNL) n-heptane
mechanism[10, 11] and the other was reduced from the V3.1 LLNL n-heptane mechanism[9].
The V3.1 mechanism contains updated rate rules for some reactions which will likely result
in improved predictions. However, since some of the mechanisms for other fuels being com-
pared to n-heptane are older than the V3.1 n-heptane mechanism, use of the V2 n-heptane
mechanism should provide a better basis for comparison of the kinetics to those fuels. For
example, n-hexadecane has a shorter ignition time than n-heptane, but the V3.1 mecha-
nism predicts n-heptane has a shorter ignition delay while the V2 mechanism predicts the
proper ordering. An illustration of the difference between the two mechanisms is shown

























Figure 4.5: Experimental (diamond) and model predictions for n-heptane using the V2 (blue
line) and V3 (red line) LLNL mechanisms. 21 bar, Φ = 0.5, 21% O2
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improving agreement at the longer ignition delays.
The 561 species V2 n-heptane mechanism was reduced to 89 species. The reduced and
detailed mechanisms are compared over a range of temperatures, pressures, and equivalence
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(d)
Figure 4.6: Comparison of V2 detailed and 89 species reduced mechanisms for n-heptane.
Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 3.0, and
they were also compared across temperature space at 10, 15, 21, and 30 bar.
predicted by the detailed model well across a broad range of conditions for n-heptane. This
includes areas outside of the space covered by the 22 points (i.e., 10 bar, equivalence ratio
= 3).
The 654 species V3.1 n-heptane mechanism was reduced to 74 species. The reduced and
detailed mechanisms are compared in Figure 4.7 for a range of conditions. As in the case
of the V2 mechanism, the reduced mechanism is able to reproduce the detailed mechanism
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(d)
Figure 4.7: Comparison of V3.1 detailed and 74 species reduced mechanisms for n-heptane.
Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 3.0, and
they were also compared across temperature space at 10, 15, 21, and 30 bar.
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The KIVA CFD model results, shown in Figure 2.4, used reduced models developed
by other workers. It will be constructive to compare the results of the LLNL 89 and 74
species reduced mechanisms and the Ra et al.[18] 42 species reduced mechanisms in a CFD
environment. Future work will be needed to finish running the models in the KIVA model
to compare these reduced mechanisms. The results will show how much variation in the
prediction can be attributed to uncertainties in the mechanism.
4.3.2 Heptane Isomers
Mechanisms were also reduced from the detailed LLNL mechanisms[42] for several isomers
of heptane: 3-ethylpentane (3-EP), 2,4-dimethylpentane (2,4-DMP), 2,3-dimethylpentane
(2,3-DMP), and 2,2,3-trimethylbutane (2,2,3-TMB). These reduced mechanisms may be used
to predict ignition times with the KIVA CFD model.
The detailed mechanisms with 844, 853, 902, and 822 species mechanisms were reduced
to 60, 66, 121, and 91 species for 3-ethylpentane, 2,4-dimethylpentane, 2,3-dimethylpentane,
and 2,2,3-trimethylbutane, respectively. The reduced and detailed mechanisms are compared
over a range of temperatures, pressures, and equivalence ratios in Figure 4.8, Figure 4.9,
Figure 4.10, and Figure 4.11 for these isomers, respectively. As seen earlier with n-heptane,
the reduced mechanisms are able to reproduce the ignition delays predicted by the detailed
model well. This also includes areas outside the space covered by the 22 points.
4.3.3 n-hexadecane
In order to study low volatility fuels with the KIVA CFD model, the LLNL C8-C16
mechanism[14] was reduced for n-hexadecane. The 2115 species LLNL n-hexadecane mech-
anism mechanism was reduced to 188 species. Figure 4.12 compares the predictions with
this larger reduced mechanism to the original much larger mechanism. As seen with earlier
heptane reduced mechanisms the reduced mechanism for n-hexadecane is able to reproduce
the detailed mechanism across a broad range of conditions including the NTC region. The
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Figure 4.8: Comparison of detailed and 60 species reduced mechanisms for 3-ethylpentane.
Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 3.0, and
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Figure 4.9: Comparison of detailed and 66 species reduced mechanisms for 2,4-
dimethylpentane. Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c)
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Figure 4.10: Comparison of detailed and 124 species reduced mechanisms for 2,3-
dimethylpentane. Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c)
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Figure 4.11: Comparison of detailed and 91 species reduced mechanisms for 2,2,3-
trimethylbutane. Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c)
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Figure 4.12: Comparison of 2115 species detailed and 188 species reduced mechanisms for
n-hexadecane. Mechanisms were compared at equivalence ratios of (a) 0.5, (b) 1.0, (c) 2.0,
and (d) 3.0. For each equivalence ratio, results are presented at pressures ranging from 10
to 30 bar and temperatures ranging from 300-800°C.
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shortest. This is not surprising since the mechanism was only reduced for equivalence ratios
0.5 ≤ Φ ≤ 2. The two mechanisms are less than 1 ms different in the NTC region at 10 bar




INVESTIGATION OF IGNITION IN THE NEGATIVE TEMPERATURE
COEFFICIENT (NTC) REGION FOR HIGH VOLATILITY BRANCHED ALKANES
Before the IQT can be used to characterize the chemical kinetics of low volatility fuels,
where little data exists, IQT data must be compared to results from other experiments to
ensure the data gathered for low volatility fuels will be accurate. Significant amounts of
experimental data exist for the ignition of isomers of heptane[43, 44, 46, 47]. As a result
there are validated chemical mechanisms[12] that can be used to see if the IQT ignition data
for these species are consistent with their predictions. Using branched isomers will allow the
ignition delay to be increased so that the IQT will be in a chemical kinetics dominated regime.
Much of the following data on C7 isomer combustion has been published previously[57].
Variation in fuel structure substantially affects the low temperature ignition kinetics,
resulting in significant variation in ignition delay times. For isomers of heptane, it is well-
known that branched isomers are less reactive than n-heptane[58]. Low temperature ignition
chemistry, which is important in ignition of these fuels, was discussed in more detail in Section
2.2. The fuel structure affects the stability of R, RO2, and QOOH species. The number of
types of isomerization reactions for RO2 
 QOOH and O2QOOH 
 KetoQOOH+OH will
change. More primary carbons exist in branched molecules; these higher C-H bond strengths
result in slower rates for hydrogen abstraction reactions. Extremely branched species will
have quaternary carbons where hydrogen cannot be abstracted. Table 5.1 shows the research
octane number (RON), motor octane number (MON), and cetane numbers (CN) for several
C7 alkane isomers. The effect of branching can be seen with these heptane isomers. They
span a wide range of ignition delay times and one of them has RON and MON that is higher
than gasoline (2,2,3-TMB) and another has a CN close to diesel fuel (n-heptane).
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Table 5.1: C7 Isomers Listed in Order of Increasing Cetane Numbers (CN)
Chemical RON MON CN
2,2,3-trimethylbutane (2,2,3-TMB) 112 101 4
2,3-dimethylpentane (2,3-DMP) 91 89 14
2,4-dimethylpentane (2,4-DMP) 83 84 19
3-ethylpentane (3-EP) 65 69 27
n-heptane (nH) 0 0 56
5.1 Low Temperature Heat Release (LTHR) for Heptane Isomers
Figure 5.1 shows evidence of low temperature heat release (LTHR) in the pressure traces
of the C7 isomers at 723 K, which is the beginning of the NTC region for the majority of
the isomers. Only the results for the 5 bar case are shown for brevity; all of the isomers
exhibited NTC at this condition. LTHR was also seen at 10 and 15 bar for those isomers
which exhibited an observable NTC behavior (723-869 K). Injection of the fuel is followed
by a drop in charge pressure due to fuel evaporative cooling. LTHR is apparent based on
the 0.5-1.3 bar increase in pressure above the initial charge pressure of 5 bar before the main
ignition event. These pressure increases are not due to heat transfer because they occur
on timescales shorter than what was characterized for the system in Section 3.5. If the
IQT is to be a complementary research apparatus to RCMs and shock tubes for validating
chemical mechanisms of low volatility fuels, the ability to accurately capture NTC and LTHR
behavior is essential. These results also illustrate the very large effect fuel structure can have
on ignition delay.
5.2 Heptane Isomer Experimental Data
The various C7 alkane isomers were ignited in the IQT across a wide range of temperatures
and pressures. The temperature range (650-1023 K) was chosen to cover low to mid ignition
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Figure 5.1: Pressure traces show evaporative cooling followed by LTHR before the main
injection event. Initial charge pressure is 5 bar. The temperature is 723 K. 2,2,3-TMB
(yellow circle), is plotted on the upper x-axis while the other fuels, 2,3-DMP (blue diamond),
2,4-DMP (green triangle), 3-EP (red x), nH(back square), are plotted using the lower x-axis.
temperatures including the NTC region. While these heptane isomers are high volatility
fuels, this temperature range overlaps with the RCM experimental data range[8, 27] for low
volatility fuels discussed earlier, and also bridges the gap between 800-1000 K where low
volatility shock tube[6, 7, 23, 24, 25, 26] or RCM data are lacking. The upper temperature
limit of the current work was established based on physical limitations of the IQT and its
heating system. Initially, a pressure of 15 bar was selected to capture ignition characteristics
at moderately high pressures found in internal combustion engines; however, it was found
useful to explore lower pressures as well.
Figure 5.2 shows the ignition delay data at 15 bar. The spread in the ignition delay
for the various isomers relate directly to their different CNs (cf. Table 5.1). Note that
the two isomers with the longest ignition delays, 2,3-DMP and 2,2,3-TMB, clearly display
NTC behavior with three distinct kinetic regions as indicated by the different slopes. The























Figure 5.2: Ignition delay, 15 bar with constant mass (84 ±2 mg/inj) of fuel injected (1.0
≤ Φ ≤ 0.8). Each data point is a single injection event. 2,2,3-TMB (blue diamond), 2,3-DMP
(red square), 2,4-DMP (green triangle), 3-EP (grey x), and nH (black circles).
researchers[12, 43]. The absence of any NTC behavior for the other three isomer suggest
that physics effects on the ignition at short ignition delays are important. These three
isomers have ignition delays below the 20-30 ms, which as discussed earlier in Section 4.1,
CFD simulations show that the IQT has not yet become pseudo-homogeneous. Therefore,
at these short times, physical effects related to droplet formation and breakup as well as
fuel evaporation may overshadow the chemical kinetics of combustion. Because the fuel
is not well-mixed, endothermic pyrolysis reactions in extremely fuel-rich regions may also
contribute.
In an effort to observe NTC behavior for these three isomers, the charge pressure was
reduced to increase the ignition delay, allowing the air-fuel mixture to become more homo-























Figure 5.3: Ignition delay, 10 bar with constant mass (59 ± 2 mg/inj.) of fuel injected
(1.0 ≤ Φ ≤ 0.8). Each data point is a single injection event. 2,2,3-TMB (blue diamond),
2,3-DMP (red square), 2,4-DMP (green triangle), 3-EP (grey x), and nH (black circles).
charge conditions present in RCM studies[43, 45, 46, 47]. Figure 5.3 shows ignition data
where the pressure was reduced from 15 to 10 bar to increase the ignition delay. This shifts
the NTC region transitions (inflection points) to slightly lower temperatures for 2,3-DMP
and 2,2,3-TMB. The shift to lower temperature is expected based on the equilibrium of the
R · + O2 
 RO2 reaction[10, 21, 22, 59]. As pressure decreases, the equilibrium of the
reaction shifts towards reactants, and the result is that the NTC region shifts to lower tem-
peratures since it is easier to shut off the reaction. The NTC region for 2,3-DMP is now
more apparent. While the qualitative behavior of the three isomers with the faster delays
are similar to that observed at 15 bar, the ignition delay increased at the lower pressure. A
further decrease in pressure to 5 bar shows a much more dramatic impact (Figure 5.4). Here,
























Figure 5.4: Ignition delay, 5 bar with constant mass (27 ± 2 mg/inj.) of fuel injected (1.0
≤ Φ ≤ 0.8). Each data point is a single injection event. 2,2,3-TMB (blue diamond), 2,3-DMP
(red square), 2,4-DMP (green triangle), 3-EP (grey x), and nH (black circles).
2,2,3-TMB. The lack of an NTC region for n-heptane again suggests this may be the result
of ignition delays being too short. These experimental results also suggest that an ignition
delay greater than 20 ms is required to minimize the impact of the injection process on the
ignition event for the fuels studied, consistent with CFD simulations in Section 4.1.
In the 10 bar case (Figure 5.3), the high temperature data points for 2,2,3-TMB and
2,3-DMP overlap which was not observed at the higher 15 bar pressure. When the pressure
is reduced to 5 bar, the high temperature portions of the curves merge for all of the isomers
except n-heptane. This indicates that the high temperature kinetics of these fuels are very
similar. This behavior is also observed in homogeneous RCM experiments of Silke et al.[43],
again indicating that combustion in the IQT is dominated by the intrinsic chemical kinetics
at these relatively long ignition delay times.
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The impact of pressure on the ability to observe the NTC region for each fuel can be
seen more clearly in Figures 5.5-5.9. Reducing the charge pressure to 5 bar increased the
ignition delay for n-heptane (Figure 5.5) to approximately 15 ms at 1000/T = 1.2, but




























Figure 5.5: Ignition delay of n-heptane, 2-15 bar, constant mass of fuel (1.0 ≤ Φ ≤ 0.8).
Each data point is a single injection event, nH 15 bar (diamonds), nH 10 bar (squares), nH
5 bar (triangles), and nH 2 bar (x).
determine if sufficiently long ignition delays could be produced and eliminate spray physics
effects on the ignition event. As seen in Figure 5.5, lowering the charge pressure to 2 bar
produced a significant increase in the ignition delays and also resulted in the appearance of
the NTC region for n-heptane. However, these ignition delays should be considered upper
limits since these experiments were done without a purge. As discussed in Section 3.3.2, for
these low pressure experiments residual gas in the chamber may lead to increased ignition
delays due to charge dilution. Figure 5.6 illustrates similar behavior for 3-EP, except that
here the 5 bar data exhibit clear NTC behavior. Similar behavior is observed for 2,4-DMP
(Figure 5.7) although the data is more scattered. For both of these cases, once the ignition




























Figure 5.6: Ignition delay of 3-EP, 5-15 bar, constant mass of fuel (1.0 ≤ Φ ≤ 0.8). Each
data point is a single injection event. 3-EP 15 bar (red square), 3-EP 10 bar (black triangle),























Figure 5.7: Ignition delay of 2,4-DMP, 5-15 bar, constant mass of fuel (1.0 ≤ Φ ≤ 0.8). Each
data point is a single injection event. 2,4-DMP 15 bar (red square), 2,4-DMP 10 bar (black
triangle), 2,4-DMP 5 bar (blue circle).
70
5 bar, NTC behavior was observed. 2,3-DMP (Figure 5.8) exhibited NTC at 5 and 10 bar.
There is a noticeable increase in ignition delay when comparing 2,4-DMP and 2,3-DMP. It
is interesting to note that a very small change in fuel structure can result in a significant
increase in ignition delay.
2,2,3-TMB (Figure 5.9) showed an unexpected behavior at 5 bar. No NTC was observed,
although it was evident at higher pressures. One possible explanation is the expected shift
of the NTC region to lower temperatures (observed in going from 10 to 15 bar) might be
sufficiently large that NTC is no longer observable. Another possible reason is the excessively
long times (>1 s) required for ignition. At this low pressure, other events may occur, such
as heat transfer and wall interactions. Such non-adiabatic conditions would make the IQT
unsuitable to probe these conditions. The data presented show that NTC is observable in
the IQT for fuels that normally exhibit NTC in RCMs, provided sufficiently long ignition
delay (> 20 ms) can be attained. Pressure can be used as a tool to move ignition delays into
this long time region where NTC can be observed.
The data presented in this section thus far were obtained by injecting a constant mass
of fuel. This method allows for the rapid collection of high-resolution ignition delay mea-
surements across the temperature range. Under constant fuel mass injected operation, the
global equivalence ratio decreases from 1.0 to 0.8, as more moles of air are charged into the
chamber at lower temperatures. Even though this variation is relatively small, additional
experiments were performed at a constant equivalence ratio of Φ = 1 to measure the impact
of this potential source of error. Figure 5.10 and Figure 5.11 show that the constant mass
ignition delay data for most of these fuels are within the variability of the constant equiva-
lence ratio data at both 10 and 15 bar. The exception is 2,2,3-trimethylbutane at 10 bar.
Some error bars for the constant equivalence ratio data were smaller than the data points.
The constant equivalence ratio data for 2,2,3-trimethylbutane at 10 bar have a slightly faster
ignition delay curve compared to the constant mass conditions. It is interesting that this
























Figure 5.8: Ignition delay of 2,3-DMP, 5-15 bar, constant mass of fuel (1.0 ≤ Φ ≤ 0.8). Each
data point is a single injection event. 2,3-DMP 15 bar (red square), 2,3-DMP 10 bar (black





















Figure 5.9: Ignition delay of 2,2,3-TMB, 5-15 bar, constant mass of fuel (1.0 ≤ Φ ≤ 0.8).
Each data point is a single injection event. 2,2,3-TMB 15 bar (blue circle), 2,2,3-TMB 10






























Figure 5.10: Ignition delay, constant mass versus constant equivalence ratio, 15 bar.
Constant mass [2,2,3-TMB (circles), 2,3-DMP (diamonds), 2,4-DMP (triangles), and nH
(squares)]. Constant equivalence ratio [2,2,3-TMB (red circles), 2,3-DMP (red squares),
































Figure 5.11: Ignition delay, constant mass versus constant equivalence ratio, 10 bar. Con-
stant mass [2,2,3-TMB (circles), 2,3-DMP (diamonds), 2,4-DMP (triangles), 3-EP (x), and
nH (squares)]. Constant equivalence ratio [2,2,3-TMB (red circles), 2,3-DMP (red squares),
2,4-DMP (red triangles), 3-EP (red x), and nH (red squares)].
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suggests that there is a higher sensitivity to the equivalence ratio under these conditions.
5.3 Modeling heptane isomers in 0-D homogeneous batch reactor
The earlier results from the CFD model with no chemistry included, showed that a
pseudo-homogeneous region is formed inside the IQT chamber at times greater than 20 ms
(cf. Figure 4.1 and Figure 4.2). This suggested that a 0-D homogeneous batch reactor can
be used to predict ignition delays at these longer ignition delays. To model the experimental
data for the heptane isomers, detailed kinetic mechanisms developed by Curran et al.[10, 11]
(n-heptane) and Westbrook et al.[12] (heptane isomers) were used. The uncertainty in the
equivalence ratio within this pseudo-homogeneous region was bounded by running the model
at the global equivalence ratio and at double the global equivalence ratio. The results are
shown in Figures 5.12-5.16. The 2,2,3-trimethylbutane 0-D model results are in surprisingly
good agreement with the experimental results at 10 and 15 bar (Figure 5.12), given the
simplicity of this analysis. A more robust analysis would use initial conditions provided by
the CFD model and include heat transfer at longer ignition delay times. Note that the error
bars, which were discussed earlier in Section 4.2, show the difference in model prediction
if the temperature of the pseudo-homogenous region was ± 30 K different than expected.
They show that in the NTC region the model prediction is insensitive to temperature, but
outside of the NTC region the model prediction is sensitive to temperature. The model
predictions are not as good at 5 bar which could be linked to the issues regarding the
experimental measurements at very long times as discussed above. The NTC region of the
experimental data are within the bounds predicted by the 0-D model at 10 and 15 bar. As
the measured ignition delay becomes shorter for 2,3-DMP and 2,4-DMP (Figure 5.13 and
Figure 5.14 respectively) the model results begin to deviate from the experimental data.
The 2,3-DMP and 2,4-DMP modeling results predict that the NTC region occurs at a lower
temperature compared to the experimental results. The measured NTC regions are also
much broader than the 0-D predicted NTC regions. However, the model’s accuracy appears






















Figure 5.12: Comparison of 0-D modeling results for 2,2,3-TMB to the IQT experimentally
measured ignition delay. 2,2,3-TMB 15 bar (blue circle), 2,2,3-TMB 10 bar (red square),
2,2,3-TMB 5 bar (black triangle), 0-D model global equivalence ratio (dashed line), and 0-D
model double global equivalence ratio (solid line). Error bars represent the ignition delay






















Figure 5.13: Comparison of 0-D modeling results for 2,3-DMP to the IQT experimentally
measured ignition delay. 2,3-DMP 15 bar (red square), 2,3-DMP 10 bar (black triangle), 2,3-
DMP 5 bar (blue circle), 0-D model global equivalence ratio (dashed line), and 0-D model
double global equivalence ratio (solid line). Error bars represent the ignition delay predicted





















Figure 5.14: Comparison of 0-D modeling results for 2,4-DMP to the IQT experimentally
measured ignition delay. 2,4-DMP 15 bar (red square), 2,4-DMP 10 bar (black triangle), 2,4-
DMP 5 bar (blue circle), 0-D model global equivalence ratio (dashed line), and 0-D model
double global equivalence ratio (solid line). Error bars represent the ignition delay predicted






















Figure 5.15: Comparison of 0-D modeling results for 3-EP to the IQT experimentally mea-
sured ignition delay. 3-EP 15 bar (red square), 3-EP 10 bar (black triangle), 3-EP 5 bar
(blue circle), 0-D model global equivalence ratio (dashed line), and 0-D model double global
equivalence ratio (solid line). Error bars represent the ignition delay predicted by model at
T ± 30 K of that temperature.
heptane (Figure 5.15 and Figure 5.16, respectively) agree fairly well at lower temperatures,
but overpredict ignition delays in the NTC region. The model predicts a strong NTC region
for n-heptane at all three pressures, which was not observed experimentally. This is likely
due to the short ignition delays for n-heptane at these pressures, resulting in a heterogeneous
fuel-air mixture with liquid fuel still present. These predictions at high temperatures are
faster than those observed experimentally, which is consistent with the 0-D model ignoring























Figure 5.16: Comparison of 0-D modeling results for nH to the IQT experimentally measured
ignition delay. nH 15 bar (red square), nH 10 bar (black triangle), nH 5 bar (blue circle),
0-D model global equivalence ratio (dashed line), and 0-D model double global equivalence


































Figure 5.17: Ignition delay, IQT vs RCM, 10 bar, Φ = 1.0 (data from Westbrook et al.[12]
and Silke et al.[43]). 2,4-DMP-Westbrook (black triangle), 2,4-DMP-IQT (red triangle), nH-
Westbrook (black square), nH-IQT (red square), and nH-Silke (unfilled square). (The lines
are intended to guide the eye)
5.4 Comparison of IQT and RCM Data for Heptane Isomers
The ignition delay data measured in this study with the IQT were compared to RCM
data reported by Silke et al.[43], and from Westbrook et al.[12] in Figure 5.17 It was dif-
ficult to make extensive comparisons between the IQT and RCM ignition delays because
of 1) limited comparable cases, and 2) differences in physical process (e.g., fluid motion,
compressing gases, choice of diluent, spray dynamics, and heat transfer; cf. Section 3.4.4).
Also, comparing IQT and RCM data at ignition delays below 20 ms is difficult because the
IQT will have more non-premixed ignition. Comparing data between different RCMs is also
difficult, as discussed by Silke et al.[43], and illustrated by comparison of n-heptane data in
Figure 5.17. Nevertheless, comparisons with RCM data have been attempted here because
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RCMs do provide valuable data for validating chemical kinetic mechanisms for combustion,
and therefore are an important benchmark.
Figure 5.17 shows that n-heptane ignition delays measured in the IQT at 10 bar are
generally longer than those measured in the two RCM data sets, but the effect of temperature
on the ignition delay is similar. The IQT data do not exhibit the NTC behavior observed
for RCM data. This is expected at these short ignition times for the reasons discussed
earlier. The longer ignition delay in the IQT at the higher temperatures is not surprising,
because the very short ignition delay under these conditions (<10 ms) mean that the initial
physics-dominated effects cannot be neglected. This is the primary reason that NTC is
not observed in the IQT experiments. Conversely, the IQT ignition delay data are generally
shorter for 2,4-DMP than observed in the RCM experiments, but it is difficult to compare the
temperature dependence due to the scatter in the RCM data. Evidence of NTC behavior is
ambiguous, given the scatter in the RCM data and the relatively large temperature intervals
for the IQT experiments. This analysis does not take into account the uncertainty in the
temperature in the IQT (cf. Section 4.1) which could results in the IQT data being shifted
to lower temperatures.
Figure 5.18 compares data of various isomers collected at 15 bar. The RCM data for 2,4-
DMP show obvious NTC behavior; not surprisingly, the IQT data do not since the ignition
delays are too short (analogous to the n-heptane results at 10 bar). For 2,3-DMP, there is
a much stronger NTC effect in the RCM compared to the IQT in the temperature range
of 800-900 K, and the IQT data show faster ignition. Interestingly, slight evidence of NTC
behavior is observed in the IQT data near 825 K even though the ignition delay is less than
20 ms. One would expect that 2,2,3-TMB data from the IQT would agree with RCM data
at 15 bar, because the long ignition delays enable a more homogeneous mixture. Indeed,
strong NTC behavior was observed in the IQT. Unfortunately, RCM data were not collected
in the NTC region. Note that at temperatures near 900 K, the measured ignition is shorter































Figure 5.18: Ignition delay, IQT vs RCM (Silke et al.[43]), 15 bar. Φ = 1. 2,2,3-TMB-IQT
(red circle), 2,2,3-TMB-Silke (open circle), 2,3-DMP-IQT (red diamond), 2,3-DMP Silke
(open diamond), 2,4-DMP-IQT (red triangle), and 2,4-DMP-Silke (open triangle). (The
lines are intended to guide the eye)
temperature was decreased to ∼650-700 K, where the measured times ranged from 150 to
350 ms. This suggests a very strong NTC effect at the intermediate temperatures, stronger
than observed in the IQT. Given the differences in the IQT and RCM experiments, a more
rigorous comparison must await a coupled CFD/kinetic analysis of the IQT to properly
account for the impact of the heterogeneous or even pseudo-homogeneous conditions on the
ignition delay, especially for fuels with ignition delays less than 20 ms.
5.5 Iso-Octane Experimental Data and Model Predictions
Experiments were performed on iso-octane in order to better understand branched alkane
ignition. Iso-octane has a similar cetane number (12-17.5[19]) to the low volatility fuel

















Figure 5.19: Iso-octane ignition experimental (squares) and model predictions at global
equivalence ratio (solid line) and double the global equivalence ratio (dashed line). Error
bars represent the ignition delay predicted by model at T ± 30 K of that temperature. Error
bars represent the ignition delay predicted by model at T ± 30 K of that temperature. 15
bar Φ = 1.0− 0.7
Section 6.4. This will allow a comparison between two fuels with similar expected ignition
delays, but very different physical properties. 2,3-DMP may also have a cetane number
close to HMN (cf. Table 5.1), but an IQT measured DCN for 2,3-DMP was 21[19]. Due
to this discrepancy, iso-octane is thought to be a better fuel to compare to the ignition of
HMN. Another reason to measure ignition delays for iso-octane in the IQT is that validated
mechanisms are available, making comparisons with the 0-D model meaningful. Iso-octane
data were gathered at 15 bar across a constant mass temperature sweep. Experimental data
were modeled using the 0-D model with a LLNL iso-octane mechanism[15, 16]. Figure 5.19
shows iso-octane experimental data and its corresponding model predictions. There are
many similarities with the iso-octane and 2,2,3-TMB results (Figure 5.13). NTC behavior
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was observed in the iso-octane experimental data. The ignition delay was predicted well in
the NTC region. Not surprisingly, the predictions are much faster at higher temperatures,
since these calculations assume the physical events such as droplet breakup and evaporation
are infinitely fast.
5.6 Summary
The fact that a 0-D model can reasonably predict the magnitude and temperature de-
pendence of the ignition delay in the NTC region for the branched heptane isomers and
iso-octane is very encouraging. Adequate data were available in the literature for these high
volatility fuels and the mechanisms used to model their behavior in the IQT have been suc-
cessfully validated. Thus, the results presented in this chapter have demonstrated that the
hypothesis that the IQT data taken at times beyond ∼20 ms can provide valuable kinetic
information that can be interpreted in terms of a 0-D kinetic model (with initial conditions
adjusted). A more rigorous analysis would use no-chemistry CFD to provide input condi-
tions for the 0-D model. In the next chapter the utility of this hypothesis will be shown
where data for low volatility fuels will be obtained and compared
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CHAPTER 6
CHARACTERIZATION OF COMBUSTION KINETICS OF LOW VOLATILITY FUELS
The primary advantage of using the IQT to study chemical kinetics is that it can easily
be used to investigate low volatility fuels. Shock tubes and RCMs have difficulty operating
with low volatility fuels since they generally require pre-mixed gas mixtures. Low volatility
fuels are of importance for use in diesel engines. Diesel fuel surrogates have been developed
that use low volatility species such as n-hexadecane and 2,2,4,4,6,8,8-heptamethylnonane
(HMN) to approximate the physical and chemical properties of diesel fuel[61]. If experiments
can be conducted in a region where the chemical kinetics dominate for low volatility fuels
then experimental data can be obtained for fuels where very little or no experimental data
currently exists. As a result, the proposed mechanisms for these larger fuels, which can be
used as part of surrogates for diesel fuel, can be validated.
6.1 The New Eight Point Matrix
In earlier experiments using the eight point matrix the same amount of fuel was injected
at all points. This results in the global equivalence ratio changing for every point where the
pressure or temperature was changed because the number of moles of air in the chamber
changed. To avoid this problem, a new procedure was developed to change the amount of
fuel added to maintain the same equivalence ratio. While changing the mass of fuel injected
will have an impact on ignition if spray physics is dominant, if one hopes to study chemical
kinetics the spray physics effects must be much less important than the chemical kinetic
effects.
The equivalence ratio inside the chamber of the IQT can be controlled since the number
of moles of O2 and the mass of fuel injected have been calibrated. The eight point matrix
was rerun while keeping a constant equivalence ratio. Two concentrations of O2 were chosen;
21% O2 which corresponds to an equivalence ratio of 0.5 and 15% O2 which corresponds to
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an equivalence ratio of 0.7. The ignition delays for the old and new eight point matrices for
n-heptane are shown in Table 6.1. Note this improved method leads to significant differences
in the equivalence ratio. For a desired value of 0.5, the earlier approach had values that
ranged from 0.38 to 0.86. For a desired value of 0.7, the earlier approach yielded values
from 0.54 to 1.20. The largest difference on the ignition delay between the two eight point
matrices was 14.0% at point 2. Many of the points show deviations around 10%. These data
show a slight but systematic variation in ignition delay with equivalence ratio; a decrease
in equivalence ratio leads to a decrease in ignition delay, while an increase in equivalence
ratio leads to an increase. This change in ignition delay when equivalence ratio is varied is
the opposite of what the 0-D model predicts, suggesting that spray physics may continue to
influence ignition at these conditions.
6.1.1 Eight Point Matrix for Methyl Decanoate
The new eight point matrix was run for the low volatility biodiesel surrogate methyl
decanoate. Methyl decanoate is a C10 methyl ester that is similar, although shorter in
length, to methyl esters found in biodiesel. The ignition properties of n-heptane and methyl
decanoate are similar, but methyl decanoate is a lower volatility fuel (BP = 99°C and 224°C,
respectively[52]). Characterizing the ignition of methyl decanoate is important because it
has been used as part of a biodiesel surrogate blend for use in engine simulations[62]. The
ignition delays for both methyl decanoate and n-heptane are shown in Table 6.2. The ignition
delay is slightly longer for methyl decanoate except at points 2, 5, and 6 where it ignites
slightly quicker. Points 2 and 5 are on opposite corners of the eight point matrix meaning
they were run at different temperatures, pressures, and oxygen concentrations. Because the
effect of changing the temperature, pressure, and oxygen concentration should always either
increase or decrease ignition across the parameter space, as discussed in more detail above
in Section 3.4, there is likely some complex interaction between spray physics and chemical
kinetics that causes both points 2 and 5 (but not intermediate points) to ignite quicker for
methyl decanoate than n-heptane. The observation that points 5 and 6 ignites faster for
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Eight Point matrix from Figure 2.6.
Table 6.1: Results Comparing the old and new eight point matrices for n-heptane
New Ignition Old Ignition
pointa Delay (ms) Delay (ms) φnew φold ∆ID (ms) % Difference
1 9.87 10.88 0.50 0.77 -1.01 10.2%
1 9.77 10.73 0.50 0.77 -0.96 9.8%
2 12.12 13.73 0.70 1.07 -1.61 13.3%
2 12.08 13.77 0.70 1.07 -1.69 14.0%
3 10.16 9.19 0.70 0.54 0.97 9.6%
3 10.08 9.30 0.70 0.54 0.78 7.7%
4 8.25 7.94 0.50 0.38 0.31 3.8%
4 8.13 7.83 0.50 0.38 0.30 3.7%
5 3.24 3.07 0.50 0.44 0.17 5.3%
5 3.20 3.07 0.50 0.44 0.13 4.1%
6 4.05 3.74 0.70 0.61 0.31 7.7%
6 4.04 3.64 0.70 0.61 0.40 9.9%
7 5.62 6.13 0.70 1.20 -0.51 9.1%
7 5.56 6.06 0.70 1.20 -0.50 9.0%
8 4.26 4.80 0.50 0.86 -0.54 12.7%
8 4.24 4.67 0.50 0.86 -0.43 10.1%
aThe conditions at the points are: 1-450°C, 217 psi, 21% O2. 2- 450°C, 217 psi, 15% O2. 3-
450°C, 435 psi, 15% O2. 4- 450°C, 435 psi, 21% O2. 5-550°C, 435 psi, 21 O2. 6-550°C, 435
psi, 15% O2. 7-550°C, 217 psi, 15% O2. 8-550°C, 217 psi, 21% O2.
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Eight Point matrix from Figure 2.6.
Table 6.2: Experimental ignition delays for methyl decanoate and n-heptane at eight point
matrix conditions.
Methyl decanoate n-Heptane Percent
pointa Ignition Delay (ms) Ignition Delay (ms) Difference (%)
1 10.38 9.87 4.84
1 10.34 9.77 5.53
2 12.02 12.12 -0.84
2 11.99 12.08 -0.80
3 10.27 10.16 1.15
3 10.21 10.08 1.23
4 8.38 8.25 1.53
4 8.26 8.13 1.54
5 3.11 3.24 -4.11
5 3.10 3.20 -3.26
6 3.91 4.05 -3.68
6 3.91 4.04 -3.46
7 5.73 5.62 1.90
7 5.72 5.56 2.81
8 4.48 4.26 5.02
8 4.47 4.24 4.84
D6890 4.03 3.78 6.20
aThe conditions at the points are: 1-450°C, 217 psi, 21% O2. 2- 450°C, 217 psi, 15% O2. 3-
450°C, 435 psi, 15% O2. 4- 450°C, 435 psi, 21% O2. 5-550°C, 435 psi, 21% O2. 6-550°C, 435
psi, 15% O2. 7-550°C, 217 psi, 15% O2. 8-550°C, 217 psi, 21% O2. D6890- 310 psi 21% O2
Temperature is calibrated such that n-heptane ID = 3.78 ms.
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methyl decanoate than n-heptane suggests that increasing the pressure has a larger effect on
methyl decanoate than n-heptane.
By only changing a single parameter (temperature, pressure, or equivalence ratio) more
insight on the ignition kinetics of methyl decanoate and n-heptane can be obtained. A more
detailed look at the impact of changing the parameters is provided in Table 6.3. Increasing
Table 6.3: Effect of Temperature, Pressure, and Oxygen Concentration on Ignition Delay of
Methyl decanoate and n-Heptane at Eight Point Matrix Conditions
Methyl decanoate n-Heptane ID Percent Change Percent Change
pointsa ID difference (ms) Difference (ms) Methyl decanoate (%) n-Heptane (%)
Increasing Pressure
1-4 2.04 1.63 19.7 16.6
8-5 1.37 1.03 30.6 24.2
2-3 1.76 1.98 14.7 16.4
7-6 1.82 1.54 31.7 27.6
Increasing Temperature
1-8 5.88 5.57 56.8 56.7
4-5 5.21 4.98 62.7 60.7
2-7 6.29 6.51 52.3 53.8
3-6 6.33 6.07 61.8 60.0
Increasing Concentration
2-1 1.64 2.28 13.7 18.8
3-4 1.92 1.93 18.7 19.0
7-8 1.25 1.34 21.8 23.9
6-5 0.80 0.83 20.5 20.4
a. Notation of 1-4 is defined as the ignition delay at point 1 minus the ignition delay at
point 4 of the eight point matrix.
temperature by 100°C has a greater impact than increasing the pressure by 15 bar or increas-
ing the O2 mole fraction by 6%. Both fuels have a similar response to temperature. There
also appears to be a temperature dependence embedded within the variation of the pressure.
In both methyl decanoate and n-heptane the higher temperature points have a larger percent
change in ignition delay when varying the pressure than the lower temperature points. This
is likely due to the impact of spray physics. At higher temperatures it is expected that the
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spray physics will exert a larger influence on the ignition delay (cf. Section 3.4.1). Increasing
the oxygen concentration has a similar effect for both fuels except for points 2-1 for methyl
decanoate.
6.2 n-Hexadecane
A publication involving large alkane ignition including n-decane, n-dodecane, and n-
hexadecane is currently in preparation. This paper will include some of the n-hexadecane
results shown below.
n-Hexadecane is a low volatility fuel that is difficult to study using traditional methods.
The vapor pressure of n-hexadecane at 301 K is 0.3080 Pa[63] meaning it is very difficult
to get enough in the vapor phase to perform well-mixed experiments on without significant
pre-heating. Some examples of well-mixed experimental apparatuses performing experiments
on n-hexadecane were discussed in Section 2.3. A LLNL mechanism[14] exists for n-alkane
combustion (C8-C16). However, this mechanism was mostly validated for smaller molecules
such as decane and dodecane. Limited n-hexadecane jet stirred reactor experiments were
compared to mechanism predictions for the major species formed during ignition.
n-Hexadecane is defined to have a cetane number of 100[60]. This cetane number is much
higher than the cetane number of n-heptane (CN = 56), so one would expect n-hexadecane to
ignite much faster than n-heptane. In order to enter a chemical kinetics dominated regime,
more extreme conditions may be required. The chemical kinetically dominated region should
exist in a similar time scale (>20-30 ms) to n-heptane as discussed in Section 4.1.
Experiments were performed on hexadecane at 15 and 21 bar. Figure 6.1 shows the
experimental and model results for n-hexadecane. The model is able to predict the slope
of ignition delay well at ignition delays greater than 20 ms, but the actual ignition delay
times are underpredicted significantly. Since the n-hexadecane mechanism utilized similar
rate rules to the V2 n-heptane mechanism, this suggests the discrepancy between model
and experimental results may be due to the n-alkane mechanism using older rate rules. A































Figure 6.1: Experimental results (symbols) and model results (lines) at 15 (red) and 21
(blue) bar for n-hexadecane ignition. Error bars represent model predictions at T ± 25 K of
that temperature. Φ = 0.5.
and newer V3 n-heptane mechanisms was shown earlier in Figure 4.5; use of the updated
rate rules shifted the predictions toward lower temperatures. A similar shift here would lead
to a much better agreement with the data. Since the slope of the experimental data is linear
at long ignition delays (>20-30 ms) in Figure 6.1, it suggests that the chemical kinetics are
dominant since spray physics do not scale linearly on an Arrhenius plot.
The pressure of n-hexadecane was reduced to 2 bar in an attempt to observe NTC behav-
ior. However, NTC behavior was not observed at 21% oxygen concentration with the purge
program (cf. Section 3.3.2) enabled. So, the purge program was turned off and the oxygen
concentration was reduced to 15% in an attempt to observe NTC behavior. Both of these
changes are expected to increase the observed ignition delay resulting in shifting the igni-
tion times further into the kinetics dominated regime. However, running without the purge
program will introduce some uncertainty due to the impact of residual gas in the chamber.
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Thus, the initial gas composition is not well known. To see the effect of the purge on ignition
under these conditions an experiment was also run with the 500 ms purge. Experimental


















n-hexadecane CHEMKIN double phi




Figure 6.2: Experimental results (diamond) and model predictions (lines) for ignition of
n-hexadecane at 2 bar 15% oxygen concentration. Error bars represent the ignition delay
predicted by model at T ± 30 K of that temperature.Φ ∼ 2.5− 1.5.
decreased ignition delay at all temperatures, but the relative decrease is larger in magnitude
at higher temperatures. The data that was collected using the purge suggest “near NTC”
behavior in the sense that the slope in the NTC region is essentially flat, in contrast to the
much larger slope in the higher pressure data shown in Figure 6.1. The comparisons shown
in Figure 6.2 are quite similar to those shown earlier in Figure 5.16 for n-heptane at 5 bar
in the sense that the model predicts much more obvious NTC behavior than observed. The
overall agreement is comparable to that seen earlier for the branched heptane isomers. It is
interesting to note that earlier in Figure 6.1 the model overpredicted ignition at low temper-
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atures while at 2 bar (Figure 6.2) it did not. At low temperatures the model predicts the
system is less sensitive to equivalence ratio. This might explain why there is less of a differ-
ence between the purge and no-purge results at lower temperatures. In order to avoid such
extreme conditions and to model NTC behavior accurately experiments must be done on a
fuel with a longer ignition delay in the NTC region such as 2,2,4,4,6,8,8-heptamethylnonane
(HMN), which is discussed in Section 6.4.
6.3 Comparison of Spray Physics and Chemical Kinetic Effects Between Low
and High Volatility Fuels
Experiments were performed with n-hexadecane and n-heptane in order to determine
which variable, varying the mass of fuel injected or the equivalence ratio, has the greatest
impact on ignition delay. n-Hexadecane is a much lower volatility fuel than n-heptane so
it is thought that any change in the spray physics should be much more apparent for n-
hexadecane.
Experiments were performed to vary the mass of fuel injected at different temperatures
for both n-heptane and n-hexadecane. n-heptane (CN = 56) and n-hexadecane (CN = 100)
have very different cetane numbers. From a spray physics point of view increasing the mass
of fuel injected would increase the ignition delay since it would take longer to evaporate and
mix to a combustible mixture. From a chemical kinetics point of view increasing the mass of
fuel injected, thereby increasing the equivalence ratio, should decrease the ignition delay (cf.
Figure 6.2). The effect of changing the mass of fuel injected for n-heptane and n-hexadecane
is shown in Figure 6.3. The same overall trend is seen for both n-heptane and n-hexadecane.
The shorter ignition delay for n-hexadecane is consistent with the cetane numbers of these
fuels. At 350ºC (a and c) both fuels appear to be chemical kinetically dominated because
the ignition delay decreased as the mass of fuel and equivalence ratio increased. Also, the
ignition delays are all longer than 20 ms at 350ºC suggesting that the system has entered
the pseudo-homogeneous regime (cf. Section 4.1). At 550ºC (b and d) the ignition delay
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(d)
Figure 6.3: Effect of varying the mass of fuel injected for (a) n-heptane at 350ºC, (b) n-
heptane at 550ºC, (c) n-hexadecane at 350ºC, and (d) n-hexadecane at 550ºC
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temperature and shorter ignition time. Chemical kinetic effects still have a major role in the
high temperature ignition because if the ignition events were purely spray physics dominated,
then hexadecane should have a longer ignition delay because it is a lower volatility fuel. The
ability to see chemical kinetic effects for low volatility fuels in the IQT is very encouraging.
6.4 2,2,4,4,6,8,8-Heptamethylnonane (HMN) Ignition
Experiments were run with the branched low volatility fuel 2,2,4,4,6,8,8-heptamethylnonane
(HMN). HMN has similar physical properties to n-hexadecane, but the ignition properties
are very similar to iso-octane with measured cetane numbers of 12-17.5[19] and 15[60] for
iso-octane and HMN, respectively. Comparison of the data from these two fuels provides
a good opportunity to see how much of an effect the spray physics has on two fuels with
similar ignition times.
Using HMN instead of n-hexadecane will allow the ignition delay to be increased without
having to go to low pressures and temperatures. Some shock tube data exists for HMN (cf.
Section 2.3), but it is limited to temperatures > 1000 K. Since the NTC region occurs lower
temperatures (< 1000 K), using the IQT will allow the NTC region to be characterized for
the first time.
Experimental results for HMN ignition are shown in Figure 6.4. NTC behavior (or near
NTC behavior) was observed at both 10 and 15 bar. The NTC region is shifted to higher
temperature as the pressure is increased, consistent with the heptane isomer results and in
agreement with the expected equilibrium response of R·+O2 
 RO2. A comparison of HMN
and iso-octane ignition is shown in Figure 6.5. The ignition delays of HMN and iso-octane
are quite similar with the major differences being that iso-octane’s NTC region starts at a
higher temperature than HMN’s and the ignition delay for iso-octane in the NTC region is
∼20 ms shorter.
The LLNL HMN mechanism[7] was used for modeling the ignition delay. The HMN
experimental data were modeled as a 0-D homogeneous batch reactor and are shown in
























Figure 6.4: Ignition delay as a function of temperature for HMN at 10 (blue diamond) and




















Figure 6.5: Ignition delay measurements as a function of temperature for HMN (black tri-
angle) and iso-octane (red diamond) experimental result at 15 bar. Constant mass injected

























Figure 6.6: HMN experimental data at 10 (blue) and 15 (black bar) with model predictions
at the global equivalence ratio (dashed lines). n-Hexadecane experimental data were added
to the model predictions at both 10 (grey circle) and 15 (green circle) bar.
the LLNL HMN mechanism, except at the lowest temperatures. One possible reason is that
because HMN is a low volatility fuel, the spray physics may be impacting ignition, which
the 0-D model would not be able to account for. However, recall that n-hexadecane (which
has similar physical properties to HMN) had ignition delays significantly faster than those of
HMN (cf. Figure 6.1). If one makes a conservative assumption that all of the n-hexadecane
ignition time is due to spray physics and adds the observed ignition delay time to the HMN
0-D predicted ignition times, which only account for chemical ignition time, the resulting
quantity (plotted at 10 (grey circle) and 15 (green circle) bar in Figure 6.6) does not account
for the difference between the model predictions and experimental data. This suggests that
the observed difference must be due to an inaccurate mechanism.
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CHAPTER 7
IMPROVEMENT OF HMN MECHANISM
Due to the large discrepancy between model predictions and experimental results for
HMN seen above (cf. Figure 6.6) efforts were made to improve the mechanism. An accurate
HMN mechanism is useful because HMN is used in surrogate fuel mixtures to approximate
diesel fuel[61]. If a mechanism for these fuel mixtures wants to accurately predict experimen-
tal results, then the mechanisms for the individual species must be accurate. The structure of
HMN is shown in Figure 7.1 along with the locations and naming of the corresponding alkyl
radicals formed from H-atom abstraction as well as the double bonds that are formed from
HO2 elimination reactions. The location of an alkyl radical site in HMN is designated as
Figure 7.1: Location and naming of independent hydrogens (blue) and double bonds (red)
hmn-rX where X is the location of the hydrogen abstracted in the molecule, and the location
of the oxygen in an alkyl peroxy radical is denoted by Y in hmn-rYO2 where Y is location of
the carbon atom where the oxygen is attached. The HMN mechanism is constructed in such
a way that specifies both forward and reverse rate constants for many important reactions.
This suggests that the authors have more confidence in the rate constant assignments than in
the thermodynamic properties. However, a more common method of constructing a kinetic
mechanism is to only specify the forward rate constant and allow the reverse rate constant
to be calculated using the equilibrium constant that is derived from the corresponding ther-
modynamic property database. This assures thermodynamic consistency between the two
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files. Equation 7.1 shows how the rate constants are related to the thermodynamic prop-
erties through the equilibrium constant. The equilibrium constant Kp, computed from the












If the reverse rate constant is specified (rather than computing the reverse rate constant
from Eqn. 7.1), then this value for the reverse rate constant could be thermodynamically
inconsistent with the value from Eqn. 7.1, thereby introducing errors into the calcula-
tion. Several important reactions in low temperature combustion, such as R + O2 
 RO2,
RO2 
 QOOH, and QOOH +O2 
 O2QOOH, are influenced heavily by their equilibrium
constants.[64]. A discussion of low temperature ignition chemistry was presented earlier in
Section 2.2. Homogeneous batch reactor model predictions that employed a small submech-
anism for the reactions of n-butyl + O2 that showed R, RO2, and QOOH species mole
fractions reach partial equilibrium at sub-microsecond time scales[64]. If both the forward
and reverse rate constants are specified for a reaction, one can check for thermodynamic
consistency by comparing the Kp values obtained from Eqn. 7.1 and Eqn. 7.2 using the
thermodynamic database. Such an analysis with the HMN mechanism revealed differences
of a factor of 10 or more for some reactions. To probe the impact of these thermodynamic
inconsistencies on ignition delay predictions, the mechanism was modified by commenting
out the specified reverse rate constant data so that these reverse rate constants were now
calculated using the thermodynamically-based equilibrium constant. The two sets of model
predictions are shown in Figure 7.2 along with the experimental data. The differences be-
tween the two model results shows that the different values for the reverse rate constants
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Figure 7.2: Experimental (diamond), original model results (blue line) with reverse rate con-
stants specified, and model results with reverse rate constants computed from the equilibrium
constants (red line) for HMN combustion. 15 bar Φ = 0.7− 1.0.
Although the predictions of the mechanism are improved by computing the reverse rate
constants via the equilibrium constant this does not necessarily mean that this approach
provides a better fundamental description. For some reactions the originally assigned reverse
rate constant assignments may be more theoretically consistent, implying that the forward
rate constant assignments may be incorrect. Another possibility is that the equilibrium
constant obtained when both the forward and reverse rate constants are specified may be
better if the thermodynamic properties are incorrect. Considering this possibility, a new
mechanism was produced. By looking at which reactions are important in NTC behavior
(e.g., R + O2 chemistry) and also where there are discrepancies between the reverse reaction
rate constants, the important reactions that need to be improved were identified. This
analysis yielded an updated mechanism that included the following modifications:
 Rewrote RO2 
 R+O2 as R+O2 
 RO2, removed reverse rate Arrhenius parameters
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 Rewrote QOOH 
 alkene+HO2 to alkene +HO2 
 QOOH, removed reverse rate
Arrhenius parameters
 Rewrote O2QOOH 
 QOOH + O2 to O2 + QOOH 
 QOOHO2, removed reverse
rate Arrhenius parameters
 Replaced alkyl radical isomerizations rate rules with CSM rate rules[65]
 Commented out reverse reaction Arrhenius parameters for most C16 alkene hydrogen
abstraction reactions
 Commented out reverse reaction Arrhenius parameters for the olefin decomposition
reaction
The changes to the R+O2 
 RO2 reaction were motivated by the discrepancy of over a
factor of 10 between the equilibrium constants calculated in Eqns. 7.1 and 7.2. In order to
ensure thermodynamic consistency one of the rate parameters needed to be removed so this
rate parameter is now calculated by the thermo. The reaction rate to keep was chosen to be
the addition reaction rate for R+O2 
 RO2 because it was assumed to be less dependent on
structure. The effect of this assumption is tested later (cf. Figure 7.3 mechanisms B and C).
The computed rate constant will be identical to the original mechanism for R+O2 → RO2,
but the reverse reaction rate (RO2 → R + O2) and equilibrium constant will be changed.
The importance of the equilibrium constant for this reaction was discussed earlier. Further
analysis will be performed to determine the accuracy of the thermodynamic properties. The
rationale for the changes to the alkene + HO2 
 QOOH and O2 + QOOH 
 O2QOOH
reactions is the same as for R + O2 
 RO2. The alkyl radical isomerization reactions were
updated with CSM rate rules because some of the reactions, especially hmn-r1
hmn-r5, have
anomalous rate constants that were much larger than other similar isomerizations. The other
changes to the mechanism were motivated by their equilibrium constants being inconsistent

























Figure 7.3: Experimental (black diamond) results with original mechanism (blue line), Up-
dated mechanisms A (red line), B (green dashed line), C (grey small dashed line), D (black
line), and E (dashed red line). Lines B and C are overlapping. 15 bar, 0.7 ≥ Φ ≥ 1.0
assumed to be more accurate.
The updated mechanism was run in conjunction with the original LLNL thermodynamic
property database to obtain the above mentioned reverse reaction rate constants. These
results are shown along with the original mechanism and other modified mechanisms (cf.
Table 7.1) and the experimental data in Figure 7.3. The details of each mechanistic
change is given in Table 7.1. All of these mechanisms use the thermodynamic equilibrium
constants (Eqn. 7.2) to calculate reverse reaction rates of various subsets of the mechanism.
Comparison of the various predictions reveal some important findings: (1) Mechanisms B
and C test the sensitivity of using either the forward or reverse rate constants for three major
reaction classes. The results for these two cases are virtually identical. This implies that the
partial equilibrium is established and the equilibrium constants of these reactions are more
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Table 7.1: Summary of changes in the mechanisms shown in Figure 7.3.
Mechanism R +O2, alkene+ Alkyl Radical C16 H Abstraction All Reactions
HO2, QOOH +O2 Isomerization and ac16h32
Decomposition
R +O2, alkene+
HO2, QOOH +O2 Added CSM Used thermo to
A rate constants not rate rules calculate reverse













HO2, QOOH +O2 Added CSM




HO2, QOOH +O2 Added CSM Used thermo to Used thermo to
E rate constants not Rate Rules calculate reverse calculate reverse
changed. Reverse rate constants rate constants
specified by thermo
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important than the individual rate constants. (2) A comparison of the results of mechanisms
C versus D suggests that the use of the CSM rate rules for alkyl isomerization maintains
the shape but slightly lowers the predicted ignition times. (3) Comparison A versus E
suggests there is still some discrepancy between the reverse rate constants specified for “all
reactions” (i.e., those not modified in the updated mechanism) and the ones derived from
the thermodynamics, but this difference is less than is seen in Figure 7.2. (4) Perhaps the
most important conclusion to emerge for these comparisons is that applying the equilibrium
constant to calculate the reverse reaction rate constants generally improves the predictions
relative to the original LLNL mechanism. These observations pinpoint the need for accurate
thermodynamic data to properly predict the ignition kinetics of HMN.
7.1 Thermodynamic Properties Calculated by Group Additivity
A detailed comparison was made between the LLNL thermo values and those predicted
using group additivity. Group additivity was used because higher accuracy electronic struc-
ture calculations (e.g., CBS-QB3) take immense amounts of computational time and re-
sources for molecules as large as HMN. The thermodynamic properties (∆fH
o
298, S298, and
CP ) were calculated for HMN and its corresponding alkyl radicals (R), alkyl peroxy radicals
(RO2), hydroperoxy alkyl radicals (QOOH), hydroperoxy alkyl peroxy radicals (O2QOOH),
and C16 alkenes. These species were selected because they are involved in reactions where
there was a discrepancy between the reverse rate constants that were computed from the
thermodynamic properties and the specified reverse rate Arrhenius parameters. Also, the
results in Figure 7.3 illustrate the sensitivity of the predictions to the equilibria involving
these species.
Group additivity was performed using the groups in THERM[17] and by adding a few
new groups developed by Sabbe et al.[66] The groups that were added were for radical gauche
interactions and for radical 1,5-alkyl interactions. The structure and change in enthalpy of
formation for these corrections are shown in Table 7.2. The radical gauche contributions
are much less than a normal gauche contribution of 0.8 kcal/mol[17], and this difference
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Table 7.2: Radical gauche and radical 1,5-interaction corrections
Type Structure Correction (kcal/mol) Ref.
Radical Gauche-1 (RG-1) 0.43 [66]
Radical Gauche-2 (RG-2) 0.17 [66]
Normal Gauche 0.80 [17]
Radical 1,5-Interaction-1 (R15-1) 1.12 [66]
Radical 1,5-Interaction-2 (R15-2) 0.72 [66]
Radical 1,5-Interaction-3 (R15-3) -0.43 [66]
Radical 1,5-Interaction-4 (R15-4) 0.67 [66]
Radical 1,5-Interaction-5 (R15-5) 3.56 [66]
Normal 1,5-Interaction 1.50 [17]
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could have a significant impact on the enthalpy of formation in a molecule like HMN where
there are many gauche contributions. In most cases, the radical 1,5-interactions are less
than the normal 1,5-interaction of 1.5 kcal/mol[17]. The exception to this is the radical
1,5-interaction-5 (R15-5), which is 0.56 kcal/mol higher in energy than if the equivalent two
normal 1,5-interactions would be used. It is also interesting to note that the radical 1,5-
interaction-3 (R15-3) is negative while all others are positive. This suggests one might see
larger than expected enthalpy changes when the tertiary hydrogen of HMN is abstracted.
The difference in the enthalpy of formation that results from using these radical corrections
can be up to 6 kcal/mol for some HMN radicals.
To verify the accuracy of this approach, thermodynamic properties were also calculated
for iso-octane and its alkyl radicals using this updated group additivity method. These
values were compared to CBS-QB3 and group additivity values reported by Snitsiriwat and
Bozzelli[67]. The group additivity method by Snitsiriwat and Bozzelli did not employ the
radical gauche and radical 1,5-interactions. Comparison of thermodynamic properties for iso-
octane and the four alkyl radicals are shown in Table 7.3. The group additivity approach used
Table 7.3: Enthalpy of formation for iso-octane and alkyl radicals calculated from group
additivity and CBS-QB3 calculations
Enthalpy of Formation (kcal/mol)
Species CBS-QB3[67] Group Additivity[67] Group Additivity
(This Work)
C (C)3CC (C)2 -54.40 -53.43 -53.43
C (C)3 · CC (C)2 -5.00 -5.93 -5.44
C (C)3CC (C)2 · -5.18 -5.93 -5.89
C (C)3C · C (C)2 -9.03 -8.58 -8.97
C (C)3CC · (C)2 -12.30 -10.53 -12.59
in this work, employing the Sabbe et al.[66] values for radical interactions, is able to predict
the enthalpy of formation to within 1 kcal/mol when compared to the CBS-QB3 results.
This represents an improvement over the group additivity method employed by Snitsiriwat
and Bozzelli for the radical species. The two group additivity methods give identical values
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for iso-octane since no new groups were employed. Snitsiriwat and Bozzelli also report that
the C-H bond dissociation energy for the tertiary carbon is 93.15 kcal/mol, much lower than
expected (typically 96.5 kcal/mol). The reason that the group additivity from this work is
able to predict the enthalpy of formation of the tertiary iso-octyl radical well, even though
this bond dissociation energy is very low, is because the CBS-QB3 data implicitly contains
radical gauche and radical 1,5-interactions. From a group additivity standpoint, when the
tertiary hydrogen is abstracted from iso-octane there is a change from having three gauche
and one 1,5-interaction to having one radical gauche-1 (RG-1), two radical gauche-2 (RG-2),
and one radical 1,5-interaction-3. The enthalpy contribution for these interactions is 3.9
kcal/mol for iso-octane and only 0.34 kcal/mol for the tertiary alkyl radical. The difference
in the enthalpy of formation from the change of these groups is 3.56 kcal/mol, which is quite
close to the difference between the calculated bond dissociation energy and a stand value for
the tertiary radical (∼3.3 kcal/mol).
This updated group additivity method was extended to HMN. It is expected that the
thermodynamic properties will be significantly different than what is currently in the LLNL
thermodynamic database due to the inclusion of the radical interactions. Table 7.4 shows the
enthalpies of formation and bond dissociation energies of HMN alkyl radicals. The updated
enthalpies of formation are consistently a few kcal/mol lower than the original enthalpies.
The original enthalpies of formation from LLNL can be reproduced if 1,5-interactions are
neglected and radical gauche interactions are treated as normal gauche interactions. The
updated bond dissociation energies are also consistently lower than those observed for less-
branched alkanes. Most notably the tertiary radical is 7.1 kcal/mol lower in energy. This is
roughly double the value calculated by Snitsiriwat and Bozzelli for iso-octane. Due to the
similarities in the structure of iso-octane and HMN around the tertiary radical, HMN has
double the number of radical gauche and radical 1,5-interactions of iso-octane. This results
in a twice as large deviation for HMN versus iso-octane when compared to less branched
alkanes. The result of the low bond dissociation energy for the tertiary radical means there is
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Table 7.4: Enthalpies of formation and bond dissociation energies for the updated and origi-
nal thermodynamic properties. HMN-rX is an alkyl radical in the X position (cf. Figure 7.1
for radical nomenclature)
Species Original Updated THERM[17] Bond Updated Bond
Enthalpy Enthalpy Dissociation Dissociation
(kcal/mol) (kcal/mol) Energy (kcal/mol) Energy (kcal/mol)
HMN -99.0 -93.0 N/A N/A
HMN-r1 -50.0 -45.0 101.1 100.1
HMN-r2 -52.7 -48.2 98.45 96.9
HMN-r3 -50.0 -46.0 101.1 99.1
HMN-r4 -52.7 -49.8 98.45 95.3
HMN-r5 -54.6 -55.7 96.5 89.4
HMN-r6 -50.0 -46.9 101.1 98.2
HMN-r7 -52.7 -49.2 98.45 95.5
HMN-r8 -50.0 -45.0 101.1 100.1
a larger difference in enthalpy between primary and tertiary radicals (∼10 kcal/mol vs. ∼4.5
kcal/mol) in the updated thermodynamic properties. This will result in a broader range of
equilibrium constants for HMN reactions with the updated thermodynamic properties.
Bond dissociation energies were also calculated for the C-OO bonds in RO2 using the
updated group additivity method. These energies are compared to average bond dissoci-
ation energies in smaller alkyl peroxy radicals[59] in Table 7.5. Similar to the C-H bond
Table 7.5: C-OO Bond dissociation energies for HMN and small alkyl peroxy radicals RO2
molecules.
Small Alkane Bond HMN Bond
Species Dissociation Dissociation










dissociation energies, the bond dissociation energies are also lower for HMN peroxy radicals
than expected when compared to bond dissociation energies of smaller alkyl peroxy rad-
icals. In addition, HMN has an opposite ordering of bond dissociation energies (tertiary
< secondary < primary) between primary, secondary, and tertiary carbons than the small
species (primary < secondary < tertiary). The decrease, instead of the expected increase,
at more branched carbons is due to the additional gauche and 1,5-interactions present in
HMN. In HMN, when the C-OO bond breaks and forms an alkyl radical, all gauche and
1,5-interactions involving this carbon become lower energy radical gauche and radical 1,5-
interactions. These reductions in energy offset the expected increase in bond strength when
the carbon center becomes more branched. Since tertiary carbons will have more gauche
interactions than primary carbons, one would expect this reduction due to radical effects to
be larger for tertiary carbons.
7.2 Comparison of Equilibrium Constants for HMN
Next, we compare the equilibrium constants that are derived from three sources: (1)
those that were calculated using updated thermodynamic values based upon the improved
group additivity approach described above [CSM], (2) those obtained from specified forward
and reverse rate constants in the LLNL mechanism [LLNL-kinetic], and (3) those based
on the original LLNL thermodynamic values [LLNL-thermo]. The results for the reactions
of RO2 
 R + O2, QOOH 
 alkene + HO2, and O2QOOH 
 QOOH + O2 are shown
in Figures 7.4-7.6, respectively. For clarity, in Figure 7.4 and Figure 7.6 the equilibrium
constants are averaged and the spread in the values is represented by the error bars. For
the reactions of R + O2 
 RO2 (Figure 7.4), the CSM Kp values have a broader range of
values than those calculated with either of the LLNL approaches. Also, the ordering of the
Keq for the various radical sites is different for each of the three. The order of the LLNL-
kinetic is tertiary > primary > secondary. For the LLNL-thermo the order is secondary >
tertiary > primary. The updated CSM thermodynamic properties have an order of tertiary


















































Figure 7.4: Kp(atm) for the reaction RO2 
 R + O2 for primary (a, blue), secondary (b,

















Figure 7.5: Kp[atm] for the reaction QOOH 
 alkene+HO2for primary (blue), secondary


















































Figure 7.6: Kp(atm) for the reaction O2QOOH 
 QOOH + O2 for primary (a, blue),
secondary (b, red), and tertiary (c, black) radicals. CSM (solid), LLNL-kinetic (dashed),
and LLNL-thermo (dotted).
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for smaller alkyl peroxy radicals[59], while the CSM thermo is not consistent with them.
If the bond dissociation energies for these reactions (cf. Table 7.5) were used without an
entropic contribution to ∆Grxn, they would have the opposite ordering of equilibrium con-
stants than was shown above. This suggests that the entropic contributions to this reaction
are very important. This is consistent with previous observations[59].
The equilibrium constant for the tertiary radical that is obtained from the updated ther-
modynamic properties is much larger than the corresponding LLNL values. The difference
of ∆Grxn between the original and updated thermodynamic properties is 6 kcal/mol at 1000
K. 6 kcal/mol results in a difference of a factor of 20 in the equilibrium constant. This is
a much larger difference than was seen for primary and secondary radicals. As discussed
above, the bond dissociation energy for the tertiary hydrogen in iso-octane was found to be
much lower than anticipated[67], and the HMN bond dissociation energy was calculated to
be lower than the value reported for iso-octane. This difference is due to changes in the
radical gauche and radical 1,5-interactions in going from R to RO2.
As shown in Figure 7.5, for the reaction of QOOH 
 alkene + HO2 there are large
discrepancies between the three sets of equilibrium constants. The equilibrium constants
were not averaged in this plot so the different lines represent different OOH group locations.
The equilibrium constants for the original mechanism (LLNL-kinetic) are all equal to each
other so they are all stacked on the black dashed line. However, both sets of thermodynamic
properties show that the equilibrium constants depend upon the location of the OOH group
and on the location of the alkyl radical site. This is consistent with rate constants reported
by Villano et al[20]. The ordering of the LLNL-thermo values for the radical site is tertiary
> secondary > primary. In contrast, the ordering of the CSM values is primary > secondary
> tertiary. The difference between the two tertiary LLNL-thermo lines is due to the position
of the OOH group. The top black dotted line has the OOH group on the secondary 4
and 7 carbons while the bottom black dotted line has the OOH group on the primary 6
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carbon. This seems to show that the LLNL-thermo find the location of the OOH group
more important, while the updated thermodynamic properties find the location of the alkyl
radical more important.
The equilibrium constants for the reaction O2QOOH 
 QOOH +O2 are shown in Fig-
ure 7.6. The bolded error bars in Figure 7.6 represent the spread in the updated CSM
thermodynamic properties. The LLNL-kinetic and LLNL-thermo values are in good agree-
ment except for some reactions that involve secondary radicals. That is, if the OOH group
is in the secondary position the two equilibrium constants are fairly close, but when the
OOH group is in a primary or tertiary location with a secondary alkyl radical there is a
significant difference in the equilibrium constant. There is no overall ordering based on the
alkyl radical position for the LLNL-kinetic and LLNL-thermo values; it is also based on the
OOH position. In contrast, the CSM values group according to the different alkyl radical
sites, with an ordering of tertiary > secondary > primary.
7.3 Combining Improvements to the HMN Mechanism and Thermodynamic
Properties
Next, we explored the impact of the updated thermodynamic database on the ignition
delay. The model results for HMN are shown in Figure 7.7. The simulations with the
updated thermodynamic properties effectively eliminate the observed NTC behavior. In
both Figure 7.4 and Figure 7.6 the equilibrium constants for the updated thermodynamic
properties are larger than the other equilibrium constants. This would suggest that the
R + O2 
 RO2 reaction channel is shut down more easily than in the original mechanism.
(Note the equilibrium values plotted are for the reverse reaction.) Since the R+O2 reaction
equilibrium is a major cause of NTC behavior, it is unexpected that the NTC behavior is
not observed for the updated thermodynamic properties.
It appears that the inclusion of more accurate thermodynamic data has moved us in the
wrong direction. However, we believe that these thermodynamic data are more accurate.




















Mechanism A with LLNL Thermo
Mechanism A with CSM Thermo
Mechanism E with CSM Thermo
Figure 7.7: Experimental (black diamond) results with original model (blue line), mechanism
A with LLNL thermo (red line), mechanism A with CSM thermo (green line), and mechanism
E with CSM thermo (dashed green line). 15 bar, Φ = 0.7− 1.0 (cf.Table 7.1)
the mechanism are interrogated in order to attempt to improve the mechanism.
A reaction pathway analysis was performed in CHEMKIN. For the original mechanism it
was found that the main pathway for consumption of alkyl radicals during low temperature
heat release was through the R + O2 chemistry. In contrast, for the updated mechanis-
m/updated thermodynamic properties, the β-scission pathways were found to be the main
pathway for alkyl radical consumption. Since the R+O2 chemistry is a main cause of NTC
behavior, the dominance of the β-scission pathway could be the reason that NTC behavior
is not observed.
7.4 Improving Mechanism β-scission Rate Rules
HMN alkyl radical β-scission products produce neopentyl radicals, iso-octyl radicals, iso-
butene, and other alkenes of assorted lengths. The first three are all major intermediates
during iso-octane combustion. For iso-octane, only one of the four iso-octyl alkyl radicals
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can β-scission to form neopentyl radical, but for HMN neopentyl can be formed by β-scission
of all of the HMN alkyl radicals except HMN-r5. Thus a much larger amount of neopentyl
radicals can be produced. This is significant since a calculation with neopentane as the
initial fuel showed no explicit NTC behavior. This rapid formation of neopentyl radicals in
the mechanism with the updated thermo might explain the loss of explicit NTC behavior.
The predicted high concentrations of neopentyl radical lead us to examine the rate rules
used in the mechanism for the alkyl radical β-scission reactions. The original LLNL rate
constants were replaced with CBS-QB3 derived rate rules developed by Sabbe et al[68].
The predictions with these updated rate rules are shown in Figure 7.8. We also compare


















New Beta-scission Original Thermo
New Beta-scission Updated Thermo
Figure 7.8: Experimental data (black diamond) and predictions using the mechanism with
the updated β-scission reactions with CSM (black line) thermo and LLNL (red line) ther-
modynamic properties. 15 bar, Φ ∼ 0.7− 1.0
sults with the updated mechanism and updated thermo are most encouraging. Not only
do the alkyl radical β-scission rate rules from Ghent show NTC behavior, but the overall
ignition delay times are now significantly improved. The level of agreement between model
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and experimental data is similar to that observed for iso-octane and the heptane isomers.
Moreover, the difference between using the original and updated thermodynamic properties
shows that the improved thermodynamic properties are important in the prediction of the
ignition delay. This improved thermo is especially important for HMN given the number of
gauche interactions in this species. However, there still remains discrepancies between IQT
and model results. The IQT data show that NTC behavior occurs across a broader range
of temperatures than the model. As a result there is a discrepancy between experimental
and model results at high temperatures. Future work to improve the model and mechanisms
may solve these issues.
7.5 Prediction of Shock Tube Data
Oehlschlaeger et al.’s[7] shock tube data for HMN was compared against the model
predictions for this improved mechanism and the original mechanism to see if the high
temperature combustion part of the mechanism was affected by the abovementioned changes
(Figure 7.9). To correctly model shock tube data, shock velocities are needed; unfortunately
these were not stated in the paper. Thus, while not ideal, the shock tube data was modeled
using a homogeneous batch reactor model. In a homogeneous batch reactor, the changes
in temperature and pressure that occur in the experiment at long times are neglected. A
comparison of the shock tube data and the original and improved mechanism’s results is
shown in Figure 7.9. At Φ = 0.5 (a) and 10 atm, the improved mechanism is able to predict
the experimental data well, but not quite as good as the original mechanism. At 40 atm
the ignition delay is underpredicted significantly at all points. For Φ = 1.0 (b) data, the
improved mechanism is able to predict ignition as well or better then the original mechanism
for all points except some low temperature points at 40 atm. At Φ = 1.5 (c), the improved
mechanism is able to predict as well or better than the original mechanism at 10 atm, but at
40 atm the improved mechanism underpredicts the ignition delay for most of the temperature
range. Overall the improved mechanism is able to predict the trends of ignition, but it will
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(c)
Figure 7.9: Comparison of experiment shock tube data (filled symbols) by Oehlschlaeger et
al.[7] with model predictions for the original mechanism (open diamond and open square)
and the improved mechanism (open circle) at 10 atm (black) and 40 atm (red). Equivalence
ratios are (a) 0.5, (b) 1.0, and (c) 1.5.
the uncertainties arising from the use of the 0-D model for this analysis, additional work
will be required to determine whether mechanistic improvements are needed.
7.6 Incorporating CSM Rate Rules
In order to further improve the HMN mechanism, CBS-QB3 based rate rules for theR+O2
subset were incorporated. The list of rate rules that were updated is shown in Table 7.6.
Specifically, we implemented CSM rate rules[59, 64] for alkyl radical isomerization (input in
previously updated mechanism) and for the R+O2 reaction subset (classes 4, 10, 12, 19, and
20). The rate rules for the QOOH + O2 reaction subset (classes 22-24) were also updated;
since there are very little data in the literature regarding these rate constants, these rules
were estimated in analogy to those in the R + O2 subset. In each case, the forward rate
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Table 7.6: Reaction Classes that were updated using CSM rate rules[59, 64]
Reaction Class Reaction Description
Class 4 Concerted HO2
Elimination
Class 5 Alkyl radical
isomerization
Class 10 Addition of oxygen to
alkyl radical
Class 12 Alkyl peroxy radical
isomerization
Class 19 Cyclic ether formation
class 20 Hydroperoxy alkyl
radical HO2 beta scission
Class 22 Addition of second
oxygen
Class 23 Formation of
ketohydroperoxy radical
and oh
Class 24 Decomposition of
ketohydroperoxy radical
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constants were added and (updated) thermodynamic database was used to calculate the
reverse rate constants. The CSM rate rules specify both forward and reverse rate constants
(similar to LLNL-kinetic), but because the updated HMN thermo is very different than that
of smaller alkanes the CSM specified reverse rate constants were not incorporated. Thus,
the reverse rate constant was calculated from the thermodynamic data. The predictions




















Updated CSM Rules Mechanism
Figure 7.10: HMN Ignition delay experimental results and model predictions by the original
(blue), previously updated (green), and updated CSM rate rules mechanism (red). 15 bar,
constant mass injected.Φ ∼ 0.7− 1.0.
significantly decrease the ignition delay. The predictions are now worse than those of the
original LLNL mechanism. The fact that the ignition delay is faster is somewhat expected
since the CSM rate rules for isomerization of RO2 to QOOH (class 12) via a six and seven
membered ring are an order of magnitude faster than those originally used by LLNL. While
the reactions of RO2 
 QOOH are expected to be partially equilibrated, these rules were
also applied to the isomerization reactions of O2QOOH to a ketohydroperoxide + OH (class
23), which are not partially equilibrated. Thus, the CSM rules lead to more rapid chain
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branching. Since the thermodynamic values for these highly branched hydrocarbons are
dramatically different than those of smaller hydrocarbons, it is currently unclear if the CSM
rate rules can be implemented in their current form. Some additional work should be done
to examine the impact of the thermo on these reactions. Additionally, the assumption that
the QOOH +O2 rate rules are similar to those for R +O2 should be verified.
Some of the discrepancies between experimental and model results may also come from
reactions not present in the LLNL mechanism. The mechanism does not contain R + O2
chemistry for C9, C12, and C15 alkyl radical species, which result from β-scission of the
HMN alkyl radicals. For these species, the addition of an oxygen competes with their
subsequent β-scission. Also, for the O2QOOH species the only pathway that the mechanism
allows is to proceed via the chain branching pathway (to produce ketohydroperoxide and
OH). However, it is possible that other reaction pathways (e.g., alternative isomerizations,
concerted elimination, etc.) can compete with the chain branching channel. These pathways
may be significant for branched species since isomerization via a fast six-membered ring is
not possible for every O2QOOH species. If this is the case, then the addition of a third




The IQT was further modified to allow a larger range of temperatures to be accessed and
to improve repeatability. Experiments were performed to understand the effects of spray
physics versus chemical kinetics by varying temperature, pressure, mass of fuel injected,
equivalence ratio, oxygen concentration, diluent, fuel physical properties, and fuel structure.
These parameters were important in controlling whether the IQT was operated in a chemical
kinetics or spray physics dominant regime. Injections of n-heptane into pure nitrogen showed
that the heat transfer within the IQT requires on the order of seconds to heat the chamber
to the initial temperature after evaporative cooling. Alternative ignition definitions were
tested to see if they could provide more accurate definitions of ignition, but further work in
filtering the pressure traces will be needed to specify a more accurate definition.
Using the KIVA CFD model, run without chemistry, the existence of a pseudo-homogeneous
region was found at long times (>20-30 ms). This suggested that a 0-D model could be used
to model the ignition delay at these long times, thereby creating the potential of using the
IQT for detailed mechanism validation of low volatility fuels that cannot be validated in
other experiments. This is particularly important since all current and most likely future
diesel fuels are low volatility, and a 0-D model allows for use of a detailed mechanism rather
than a reduced mechanism as in a CFD model. In order to be able in future work to use CFD
calculations to model ignition at short ignition delays, detailed mechanisms were reduced
for the species n-heptane, 3-ethylpentane, 2,4-dimethylpentane, 2,3-dimethylpentane, 2,2,3-
trimethylbutane, and n-hexadecane. These reduced mechanisms reproduced the ignition
delay predictions of the detailed mechanisms over a wide range of temperatures, pressures,
and equivalence ratios, including the NTC region.
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The IQT was used to characterize the chemical kinetics of the high volatility fuels n-
heptane, 3-ethylpentane, 2,4-dimethylpentane, 2,3-dimethylpentane, 2,2,3-trimethylbutane,
and iso-octane. These fuels have been extensively studied in the literature, and thus have well
understood and validated chemical mechanisms. The IQT ignition data could be satisfactory
predicted with the 0-D detailed mechanism, provided the ignition delay was long enough
(>20-30 ms). NTC behavior was observed for the first time in an IQT when the ignition delay
of the fuels was long enough in the NTC region. Temperature, pressure, and equivalence ratio
are variables that can be used to move ignition delays into the chemical kinetics dominated
regime.
After showing the IQT can be used for high volatility fuels, studies were performed with
low volatility fuels. Performing experiments on low volatility fuels are important for pro-
ducing engine relevant data. Experimental and model results were compared for two low
volatility fuels: n-hexadecane and 2,2,4,4,6,8,8-heptamethylnonane (HMN). Near NTC be-
havior was observed for n-hexadecane when the ignition delay was increased by lowering
pressure and oxygen concentration. Such behavior has not been observed previously. Al-
though the n-hexadecane mechanism predicted longer ignition delays than observed, this
difference might be attributed to the use of the older rate rules in this mechanism. The
situation with HMN was different; the HMN model predicted ignition delays in the NTC
region an order of magnitude shorter than observed.
The observed difference between the experimental and model results for HMN provided
an opportunity to improve the mechanism. An improved group additivity method was used
to calculate the thermodynamic properties of HMN and important reaction intermediate
species. Reverse rate constants for sensitive reactions were calculated using the improved
thermodynamic parameters. The combination of improved thermodynamic data with im-
proved rate rules for alkyl radical isomerization and β-scission yielded much improved pre-
dictions for HMN ignition delay. Subsequent incorporation of CSM R+O2 and QOOH+O2
rate rules resulted in predictions that are significantly faster than observed. Since these rate
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rules have proved to be successful in predictions for smaller species, this finding suggests sev-
eral options for addition investigations: (1) CBS-QB3 calculations for large highly branched
alkyl radicals to see if the rate constants differ from smaller species. (2) Consideration of
other reaction types that could be important for highly branched species (e.g., additional
isomerizations of O2QOOH species).
8.1 Future Work
Additional experiments with low volatility fuels will be necessary to provide the data
required to assess the suitability of existing detailed chemical mechanisms for these fuels. The
observation that a purge is needed for low pressure experiments suggests that experiments to
more clearly identify where the purge should be used would be helpful. Another possible way
to purge the IQT between injections would be to install a vacuum pump to remove residual
exhaust from the chamber. Given the utility of the IQT to validate mechanisms, experiments
with different types of fuels (e.g., esters (biodiesel), alcohols, alkenes, and aromatics), should
provide valuable information. Mixtures of single component species would also be interesting
to investigate.
A comparison of IQT data with single component fuels under typical diesel operating
conditions to KIVA predictions with the reduced mechanisms developed as part to this thesis
research should provide important information regarding the ability of a combined kinetics-
transport model to quantitatively characterize the ignition event. Further work will be
needed with the KIVA model in order to better characterize the pseudo-homogeneous region
within the IQT chamber and how it changes as experiment conditions such as pressure,
temperature, volatility of fuel, and global equivalence ratio change. These results can be
used to provide inputs to a 0-D model over a range of conditions.
Further work will be necessary to address the issue of how to best incorporate CSM rate
rules for the peroxy kinetics into the HMN mechanism. In particular, this would include
extension of the CSM rate rules for highly branched alkanes to see if these can account for
the HMN data. Further modeling work needs to be done to compare shock tube data[7]
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with this further improved mechanism. This will allow the mechanism to be tested at high
temperatures, and will provide a more direct validation of the kinetic model since the shock
tube will not have any physical processes involving spray breakup and evaporation. The
effect of adding possibly important reactions (e.g., C9-C15 R + O2, O2QOOH alternative
isomerizations, O2QOOH concerted elimination, and addition of a third oxygen) to the
mechanism should be investigated. Improvements to the 0-D model may improve mechanism
predictions; incorporating heat transfer from the walls to the chamber may significantly affect
ignition delay at very long times.
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APPENDIX - CHEMKIN MECHANISM REDUCTION
Mechanism reduction can be performed using the CHEMKIN MFC software program.
Before starting with this guide, setup a model in CHEMKIN for the case (or cases) you want
to model. Run that model the make sure the results are realistic. Save your CHEMKIN
project, and then click on the Reaction Workbench Icon shown in Figure A.1. Click on
Figure A.1: Click on view in Reaction Workbench
“Start Mechanism Reduction” as shown in Figure A.2. Next, you need to start specifying
information for CHEMKIN to use in mechanism reduction. A sample of a filled out page
is shown in Figure A.3. Setup a working directory where you want the files created during
mechanism reduction to go. It helps to create a new sub-folder for every time you start
another reduction step to keep the different revisions organized. The “initial project” refers
to the mechanism being reduced while the “target project” refers to the project that the
reduced mechanism is tested against. In most cases you will want the target mechanism to be
the detailed mechanism. Next, the mechanism reduction type can be selected. The options
that I have used are DRG, DRGEP, and full species sensitivity analysis (FSSA). When
beginning a new mechanism reduction, start by alternating between the DRG and DRGEP
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Figure A.2: Click on Start Mechanism Reduction.
Figure A.3: Filled out directories and reduction methods example.
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methods until further reduction is not achieved. Below the method selection box there is
an option to perform a sensitivity analysis with directed relation graph (DRG) and directed
relation graph with error propagation DRGEP. This is useful to use when DRG and DRGEP
alone do not result in much mechanism reduction. When this combined method does not
significantly reduce the number of species, a FSSA can be performed. The next screen
allows to pick the parameters the software will compare between a detailed and reduced
mechanisms and is shown in Figure A.4. In this example, I have used ignition delay as
Figure A.4: Screen showing parameters used to compared reduced and detailed mechanisms.
the parameter to compare the detailed and reduced mechanisms. Other parameters such as
mole fraction of species, temperature, pressure, and other system variables can also be used.
Once the parameters to compare the detailed and reduced mechanisms have been selected,
the amount of “relative tolerance” and “absolute tolerance” can be specified as shown in
Figure A.5. The absolute tolerance is the absolute difference between detailed and reduced
mechanisms, for a specified parameter, that the reduction software will allow to occur before
a mechanism is rejected. The relative tolerance is the allowed percent different between
reduced and detailed mechanisms before a mechanism is rejected. When the software checks
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Figure A.5: Screen where tolerances for mechanism reduction can be specified.
to see if a reduced mechanism is within the tolerance set for a detailed mechanism, the MFC
code will add the two tolerances together. For example, if the detailed mechanism predicts
a 1 ms ignition delay, and the reduction code is set to an absolute tolerance of 0.1 ms and
a relative tolerance of 20% (0.2 ms), then the reduced mechanism is considered within the
tolerances if the predicted ignition delay is 1±0.3 ms. The code can also select whether to use
the end point, maximum, or entire profile to compare the detailed and reduced mechanisms.
Next, one can specify the species that will not be tested to see if they can be removed from
the mechanism as shown in Figure A.6. In this example, the fuel (n-hexadecane), oxygen,
nitrogen, carbon dioxide, and water were specified to not be removed from the reduced
mechanism. Another way this could be used is to prevent removal of reaction products that
may be unimportant from a global perspective but are still important to study (e.g., NOx
or soot). If running a parameter study one can select which conditions are specified to use
for mechanism reduction. This window is shown in Figure A.7. Once all of these parameters
have been specified a mechanism reduction can occur. After the software has gone through
its reduction algorithm there is an option to use a reduced mechanism in the next reduction
operation. This will keep all of the setting used for reduction, but the initial project will
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Figure A.6: Screen showing species to not be tested for removal.
Figure A.7: Window showing option to enable or disable conditions used for reduction in a
parameter study.
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now be the reduced mechanism from the previous cycle allowing for further reduction.
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